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Abstract 

Typically,  control  law  analysis  and  design  for  an  aircraft  include  separating 
the  longitudinal  and  lateral  equations  of  motion  and  designing  control  laws  for 
each  separate  motion.  The  simplifying  assumptions  are  often  valid  and  do  not  ad¬ 
versely  affect  the  analysis  and  design  when  aerodynamic  cross-coupling  is  minimal. 
The  Control  Reconfigurable  Combat  Aircraft  (CRCA)  design  includes  an  all-flying 
canard  with  30  degrees  of  dihedral  angle  which  prevents  the  normal  separation 
of  lateral  and  longitudinal  equations  because  of  high  aerodynamic  cross-coupling. 
Consequently,  developing  a  satisfactory  controller  for  all  aircraft  motion  must  in¬ 
clude  all  of  the  control  surfaces  and  is  more  complicated. 

The  multivariable  control  law  design  used  in  this  thesis  incorporates  the 
high-gain  error-actuated  Proportional  plus  Integral  (PI)  controller  developed  by 
(•  Professor  Brian  Porter  of  the  University  of  Salford,  England.  Control  law  devel¬ 

opment  and  simulation  are  performed  using  the  computer  aided  design  program 
called  MATRIXx  .  Two  successful  fixed  gain  controller  design  methods  and  an 
adaptive  controller  design  are  demonstrated. 

The  three  control  surfaces  on  each  wing  are  operated  together,  so  they  are 
treated  in  this  thesis  as  one  control  effector.  Thus,  the  five  CRCA  control  inputs 
for  this  design  consist  of  two  canards,  left  trailing  edge  flaperon,  right  trailing 
edge  flaperon,  and  rudder.  The  aircraft  dynamics  are  linearized  about  three  flight 
conditions.  Fixed  gain  PI  controllers  are  designed  at  each  flight  condition  for  both 
the  healthy  aircraft  and  with  a  failed  left  camard  and  left  trailing  edge  flaperon. 
The  simulation  indicates  that  the  controller  is  very  robust  and  output  responses 
are  fully  satisfactory. 

An  adaptive  controller  design,  using  a  recursive  least  squares  (RLS)  parame¬ 
ter  estimation  algorithm,  is  developed  for  a  self-tuning  control  system.  When  a  left 


XX 


trailing  edge  flaperon  failure  occurs  at  the  nominal  flight  condition,  a  new  plant 
model  is  computed  and  the  PI  control  law  is  revised  accordingly.  The  ability  of 
the  controller  to  estimate  the  new  plant  parameters  and  compensate  for  the  failed 
control  surface  is  exceptional.  Finally,  a  fixed  gain  Proportional  plus  Integral  plus 
Derivative  (PID)  controller  is  designed  for  the  nominal  flight  condition.  The  re¬ 
sults  are  satisfactory.  The  design  needs  to  be  extended  to  the  remaining  flight 
conditions. 
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MULTIVARIABLE  CONTROL  LAW  DESIGN 
FOR  THE  CONTROL  RECONFIGURABLE  COMBAT 

AIRCRAFT  (CRCA) 

I.  Introduction 

1.1  Background 

Countering  state-of-the-art  advances  in  enemy  air  and  ground  threats  places 
strenuous  and  seemingly  impossible  demands  on  the  modern  day  fighter  aircr2d't. 
In  aerial  combat,  the  pilot  requires  agility  and  maneuverability  from  his  airplane, 
even  at  high  speeds  and  under  high  loading  conditions.  For  pin-point  bombing  and 
target  tracking,  precise  heading  and  flight  path  control  is  essential.  To  complicate 
matters,  aircraft  controllability  must  be  maintained  even  with  control  surface  fail¬ 
ure  or  damage,  a  real  possibility  in  combat.  In  a  digital  fly-by-wire  flight  control 
system  (FCS),  the  FCS  is  critical  for  safe  flight  and  becomes  the  only  link  between 
the  pilot  and  the  control  surfaces.  The  FCS  computer  has  complete  control  and 
optimally  deflects  available  control  surfaces  for  aircraft  positioning  and  stability 
during  these  control  surface  failures. 

An  early  example  of  a  control  system  design  was  one  used  to  control  aircraft 
heading,  altitude,  and  speed.  In  1933,  Wiley  Post  used  the  Sperry  pneumatic- 
hydraulic  Gyropilot  to  accomplish  his  around  the  world  flight  in  less  than  eight 
days.  In  1947,  an  Air  Force  C-47  made  a  completely  automatic  transatlantic  flight, 
including  takeoff  and  landing  using  autopilot  control  [4,  1-4].  However,  these  sim¬ 
ple  control  systems  lack  the  sophistication  needed  to  manage  the  additional  control 
complications  introduced  by  high  performance  aircraft  design.  In  order  to  meet  en¬ 
hanced  mission  capabilities  for  handling  and  response,  aircraft  designers  no  longer 
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restrict  themselves  to  providing  statically  stable  aircraft.  If  an  aircraft  is  slightly 
unstable,  a  disturbance  from  an  equilibrium  condition  will  be  performed  much 
quicker.  This  is  desirable  in  rapid  maneuvering,  however  the  pilot  may  not  be 
able  to  keep  up  with  the  fast  chajlges  without  help  from  the  flight  control  system. 
By  incorporating  full-authority  digital  fly-by-wire  flight  control  systems  using  fast 
onboard  microprocessors,  these  aircraft  can  be  stabilized  and  high  performance 
control  conflgured  vehicle  (CCV)  maneuvers  such  as  pitch  pointing,  lateral  and 
vertical  translation,  and  high  gravitational  loading,  “g” ,  tracking  tasks  are  possi¬ 
ble.  These  maneuvers  require  special  use  of  all  control  surfaces,  including  indepen¬ 
dent  operation  of  right  and  left  elevator  surfaces,  flaps,  or  other  special  purpose 
controls  such  as  thrust  vectoring.  Pilots  are  often  preoccupied  with  navigation  or 
weapons  delivery  work  and  rely  on  the  PCS  to  manage  all  control  surfaces  in  their 
proper  proportions,  especially  if  control  surface  effectiveness  or  complete  failure 
occurs  [9]. 

Catastrophic  consequences  can  result  when  a  control  surface  malfunctions  or 
is  damaged  by  enemy  Are.  Maintaining  aircraft  control,  pilot  safety,  and  combat 
effectiveness  is  of  primary  concern  and  places  exceptional  demands  on  the  pilot 
and  control  system.  Sensors  need  to  detect  control  surface  damage  and  special 
purpose  software  algorithms  must  isolate  the  damage  and  direct  the  information 
to  the  control  system  computer  for  rapid  reconflguration  of  the  aircraft  control 
law.  In  order  to  maintain  aircraft  stability,  control  surfaces  designed  primarily  for 
longitudinal  control  may  be  used  to  generate  lateral  control  forces  and  moments  [9, 
3j.  For  instance,  differential  elevator  deflections  can  be  used  to  produce  a  rolling 
moment  should  aileron  or  canard  movement  be  unobtainable. 

The  benefits  from  fault  identification  and  reconfiguration  of  an  aircraft  are 
high  in  terms  of  FCS  vulnerability  reduction,  but  certainly  are  not  without  cost. 
Control  law  design  is  complicated  by  the  performance  demands  for  maneuverability 
and  reconfiguration  capability.  The  control  engineer  is  faced  with  implementing 


numerous  complex  feedback  control  loops  where  control  surface  positions,  veloci¬ 
ties,  and  accelerations  are  recombined  to  insure  stability  and  performance  [2,  3]. 
Numerous  iterations  and  “tweeking”  of  the  feedback  loop  gains  are  required  for  the 
design.  For  complex  multiple-input  and  multiple-output  (MIMO)  system  design 
techniques  which  use  output  feedback,  the  process  may  be  time  consuming.  Con¬ 
sequently,  it  is  desirable  to  implement  a  control  law  that  can  be  easily  designed  in 
a  few  steps. 

1.2  Problem  Statement 

The  objective  of  this  thesis  is  to  develop  a  parameter-adaptive  controller  for 
the  Control  Reconfigurable  Combat  Aircraft  (CRCA)  that  has  satisfactory  perfor¬ 
mance  for  a  failed,  or  partially  failed,  left  flaperon  in  the  Air  Combat  Maneuver 
(ACM)  Entry  flight  condition.  This  objective  is  accomplished  by  first  developing 
continuous  and  discrete  time  domain  fixed  gain  controllers  for  operation  at  other 
Hi  f  points  in  the  CRCA  flight  envelope,  including  control  surface  failure  conditions, 

to  provide  a  design  base  for  the  adaptive  controller  implementation.  Stability  and 
performance  of  the  crippled  system  are  then  evaluated  and  compared  to  the  healthy 
aircraft.  The  performance  criteria  used  in  system  evaluation  include  such  items 
as  overshoot  in  commanded  inputs,  steady-state  error  in  output  responses,  and 
control  surface  deflection  rates  and  limits. 

l.S  Summary  of  Current  Knowledge 

The  conventional  or  cleissical  control  theory  is  extremely  effective  when  the 
aircraft  is  described  by  a  set  of  single-input  and  single-output  (SISO)  control  re¬ 
lationships  [8].  Root  locus  and  frequency  domain  analysis  give  good  insight  into 
the  control  law  implementation,  but  are  less  effective  for  'IIMO  systems  that 
are  encountered  with  modern  aircraft  design.  Modern  control  techniques  include 
eigenstructure  assignment  and  optimal  control.  Both  techniques  use  combinations 


1-3 


of  state  variable  and  output  feedback.  However,  output  feedback  is  often  the 
preferred  method  of  control  law  design  because  of  the  difficulty  in  obtaining,  or 
estimating,  all  the  states  necessary  for  a  state  feedback  system  [8].  A  high  gain  out¬ 
put  feedback  multivariable  design'technique,  developed  by  Professor  Brian  Porter 
of  the  University  of  Salford,  England,  shows  great  promise  in  the  design  of  modern 
control  law  systems  for  high  performance  aircraft  [17,18,19,22]. 

1.5.1  Multivariable  Control  Theory  The  design  technique  implements  a 
Proportional  plus  Integral  (PI)  controller  by  using  singular  perturbation  theory 
based  on  the  mathematics  of  linear  algebra  [6,9,17,19,22,20].  The  high-gain  used 
in  the  design  drives  the  closed-loop  response  of  the  system  to  two  distinct  sets  of 
modes,  referred  to  as  fast  and  slow  modes  [8,  660-661].  This  asymptotic  behavior 
of  the  modes  of  the  system  essentially  decouples  the  outputs,  where  the  fast  modes 
primarily  give  the  system  a  fast  tracking  capability  as  the  gain  of  the  system  is  in¬ 
creased.  The  slow  modes  are  asymptotically  uncontrollable  and  unobservable  and 
therefore  make  only  small  contributions  to  the  output,  thus  the  output  is  domi¬ 
nated  by  the  fast  modes  [8].  Compensator  gain  values  are  chosen  by  the  designer, 
based  on  engineering  insight  and  experience,  to  decouple  the  system  outputs  and 
yield  a  good  response.  However,  the  controller  gains  are  selected  for  a  given  system 
configuration,  and  for  large  variations  in  plant  parameters  these  values  may  not 
give  satisfactory  performance.  In  such  caises  an  adaptive  or  variable  gain  controller 
is  needed. 

1.5.2  Adaptive  Control  Blakelock  defined  a  self-adaptive  system  as  one 
w'hich  has  the  capability  of  changing  controller  parameters  through  an  internal 
process  of  measurement,  evaluation,  and  adjustment  to  a  changing  environment 
[4,  199].  As  flight  conditions  change  due  to  altitude,  airspeed,  angle  of  attack 
(AO A),  and  structural  effects,  the  performance  of  the  Proportional  plus  Integral 
fixed  gain  controller  design  may  not  be  sufficient  to  compensate  for  the  changes. 
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Figure  1.1.  Self-Tuning  Regulator 


!  The  control  system  can  be  stabilized  by  gain  scheduling  or  self-tuning  controllers 

[l].  Because  aircraft  transfer  functions  change  in  proportion  to  airspeed,  angle  of 
attack  (AO A),  and  altitude,  these  parameters  are  often  used  to  gain  schedule  [5, 

[  I  •  199].  With  the  use  of  high  speed  digital  and  analog  computers  in  fighter  aircraft, 

gain  changing  is  made  quickly  and  smoothly.  Computer  memory  hardware  is  small, 
light  weight,  and  inexpensive,  thus  allowing  storage  of  numerous  controller  gains. 

I  In  addition,  there  are  self-tuning  compensators  that  contain  estimating  schemes  for 

optimal  gain  scheduling.  Figure  1.1  illustrates  the  technique  used  to  calculate  gains 
based  on  parameter  estimation  [27).  These  estimating  schemes  include  recursive 
least  squares  (RLS),  recursive  maximum  likelihood,  and  stochastic  approximation 
^  [ij.  Porter  and  Fripp  demonstrated  that  the  adaptive  system  could  be  applied  to 

a  multivariable  plant  with  the  PI  controller  in  a  reconfiguration  design  (18).  Their 
results  showed  the  effectiveness  of  the  adaptive  controller  to  “re-tune”  the  control 
I  law  for  an  actuator  failure.  [18]. 
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1.4  Assumptions 

For  this  thesis  the  linearized  equations  of  motion  for  the  CRCA  JU’e  used  and 
the  following  basic  assumptions  are  made  [2,7,9]. 

1.  The  aircraft  is  a  rigid  body,  and  mass  is  constant. 

2.  The  earth’s  surface  is  an  inertial  reference  frame. 

3.  The  atmosphere  is  assumed  fixed  with  respect  to  the  earth. 

4.  Linearization  about  an  operating  condition  is  acceptable  for  point  designs. 

5.  Aerodynamics  are  constant  for  altitude  and  Mach  number. 

The  rigid  body  assumption  (one  point  on  the  aircraft  remains  fixed  with 
respect  to  every  other  point),  is  made  in  order  to  reduce  the  complexity  of  the 
aircraft  linearized  equations  of  motion.  Therefore,  bending  modes  and  structural 
flexibility  and  interaction  between  control  surfaces  are  not  considered  in  this  study. 

(  •  Although  the  mass  of  the  aircraft  is  constantly  changing  due  to  fuel  consumption, 

the  period  of  time  used  in  the  simulation,  1-10  seconds,  is  considered  negligible 
and  aircraft  maiss  is  considered  constant. 

The  earth  centered  reference  frame  assumption  greatly  reduces  the  size  and 
difficulty  in  deriving  the  equations  of  motion.  Valid  results  are  possible  because  the 
maneuvers  performed  are  short  in  duration  compared  to  the  rotation  time  of  the 
earth,  and  the  sensors  used  to  detect  rates  are  not  accurate  enough  to  detect  the 
earth’s  rotational  components  during  the  performed  maneuver  [2,  8).  The  effects 
of  changes  in  atmospheric  conditions  such  as  high  winds,  wind  shear,  and  gusts  are 
beyond  the  scope  of  this  thesis. 

In  order  to  develop  control  laws  that  will  be  effective  over  a  range  of  operating 
conditions,  a  large  number  of  designs  within  the  flight  envelope  need  to  be  inves¬ 
tigated.  This  thesis  considers  only  three  flight  conditions:  Air  Combat  Maneuver 
(ACM)  Entry,  ACM  Exit,  and  Terrain  Following/Terrain  Avoidance  (TF/TA)  as 
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a  cross  section  of  operating  conditions  within  the  flight  envelope.  The  aerody¬ 
namic  data  has  been  provided  by  the  Flight  Dynamics  Laboratory.  ACM  Entry 
corresponds  to  the  initial  maneuvering  to  position  the  aircraft  for  air-to-air  missile 
deployment.  Aircraft  speed  is  usually  in  the  transonic  region  at  medium  altitudes, 
20,000  to  40,000  feet  [26,  C-l].  For  this  design  a  flight  condition  of  0.9  Mach  and 
30,000  feet  is  chosen.  ACM  Exit  commonly  refers  to  a  flight  condition  associated 
with  the  end  of  an  air-to-air  confrontation,  that  is,  low  aircraft  speed,  high  angles 
of  attack,  and  high  gravitational  “g”  load  factors  on  the  aircraft.  For  this  design 
a  flight  condition  of  0.275  Mach  at  10,000  feet  and  a  gravitational  loading  of  3  g’s 
is  selected.  TF/TA  is  a  high  speed  and  low  altitude  flight  condition  associated 
with  Entry  and  Exit  from  an  enemy  territory.  The  combination  of  high  speed  and 
low  altitude  can  potentially  cause  high  load  factors  should  rapid  pitch  changes  be 
necessary.  For  this  design  a  flight  condition  of  0.9  Mach  at  Sea  Level  is  chosen. 

The  validity  of  analyzing  an  aircraft  about  a  fixed  flight  condition  is  bsised 
on  the  small  perturbation  assumption  when  the  non-linear  equations  of  motion  are 
linearized  at  an  operating  condition.  That  is,  the  derived  aircraft  model  is  valid 
only  for  small  changes  in  aircraft  configuration  or  deviations  from  the  linearized 
“trim”  point.  Large  changes  in  aircraft  speed  or  altitude  cause  the  small  pertur¬ 
bation  assumption  to  be  invalid  because  aircraft  stability  coefficients  change  with 
variations  from  this  trim. 

1.5  Approach 

The  Control  Reconfigurable  Combat  Aircraft  (CRCA)  is  chosen  for  this 
study.  The  lateral  and  longitudinal  equations  cannot  be  decoupled  for  this  air¬ 
craft,  especially  during  the  ACM  Exit  flight  segment,  commonly  referred  to  a  low 
q  condition.  Because  of  the  effectiveness  in  pitch,  roll  and  yaw,  the  dihedral  ca¬ 
nard  control  surfaces  and  aerodynamic  design  prevents  the  normal  separation  into 
lateral  and  longitudinal  equations  and  complicates  the  controller  design  process. 


i 


I 


I 


I 


1-7 


Developing  a  satisfactory  controller  provides  a  challenge  for  the  development  of  a 
high  gain  error-actuated  controller  design  using  the  Porter  method. 

The  aircraft  consists  of  nine  individually  controlled  control  surfaces;  two 
canards,  four  trailing  edge  flaps,  two  elevator  surfaces,  and  a  rudder.  For  this 
design  the  control  surfaces  for  the  trailing  edge  flaps  and  elevator  are  commanded 
simultaneously  to  yield  an  “effective”  control  surface  of  a  left  and  right  trailing 
edge  surface.  This  reduces  the  number  of  controlled  surface  deflections  to  five:  two 
canards,  left  trailing  edge  flaperon,  right  trailing  edge  flaperon,  and  rudder.  The 
control  law  for  the  healthy  aircraft  is  flrst  designed  using  Porter’s  high-gain  error- 
actuated  controller  method.  A  computer  aided  design  program  called  MATRIX*  is 
used  for  the  design  process  [15j.  To  demonstrate  the  robustness  of  the  control  law 
at  each  flight  condition,  a  pitch  pointing  maneuver  and  a  45  degree  coordinated 
turn  are  commanded.  These  maneuvers  are  chosen  to  demonstrate  both  the  lateral 
and  longitudinal  control  capability  of  the  designed  compensator.  Since  maintaining 
aircraft  control  is  essential  when  surface  failure  occurs,  the  control  law  developed 
for  the  healthy  aircraft  is  evaluated  when  a  reduction  of  control  surface  effectiveness 
occurs.  The  single  failure  consists  of  a  50  percent  loss  of  effectiveness  of  the  left 
canard  and  30  percent  loss  of  effectiveness  of  the  left  flaperon.  These  control 
surfaces  are  prominent  projections  and  highly  vulnerable  to  damage  during  enemy 
confrontation. 

The  second  part  of  this  thesis  investigates  the  design  of  a  parameter-adaptive 
controller  for  the  same  aircraft.  The  commanded  maneuver  is  a  45  degree  coordi¬ 
nated  turn  at  the  ACM  Entry  flight  condition.  The  introduction  of  a  parameter- 
adaptive  control  design  demonstrates  an  ability  to  update  the  PI  control  law  gains 
when  a  partially  failed  left  trailing  edge  flaperon  control  surface  failure  occurs.  The 
technique  uses  a  recursive  least  squares  (RLS)  identification  algorithm  to  deter¬ 
mine  the  updated  step-response  matrix  when  plant  parameters  change.  According 
to  Professor  Porter,  the  ability  of  the  controller  to  “re-tune”  the  control  laws  is 


highly  effective  when  failures  occur  [18]. 


1.6  Overview 

The  remaining  material  in  this  thesis  is  organized  as  follows:  Chapter  2 
contains  a  discussion  of  the  CRCA  aircraft  model  and  plant  dynamics.  Chapter 
3  provides  the  theory  behind  the  PI  control  law  implementation  and  the  adaptive 
control  algorithm  and  parameter  estimation  scheme.  The  PI  controller  design  for 
the  nominal  flight  condition,  ACM  Entry,  is  presented  in  Chapter  4.  The  results 
of  the  fixed  gain  controller  are  given  in  Chapter  5.  The  adaptive  controller  design 
and  implementation  is  provided  in  Chapter  6.  Conclusions  and  recommendations 
for  future  study  are  presented  in  Chapter  7.  Appendix  A  contains  a  complete  set 
of  aircraft  data,  including  state  space  and  auto  regressive  moving  average  (ARMA) 
models.  The  theory  for  calculating  the  ARMA  plant  representation  is  covered  in 
Appendix  B.  Appendix  C  contains  the  time  history  graphs  of  the  plant  parameter 
Hi  changes  for  the  adaptive  PI  controller.  The  model-following  Proportional  plus 

Integral  plus  Derivative  (PID)  control  law  development  and  implementation  for 
the  nominal  flight  condition,  ACM  Entry,  is  presented  in  Appendix  D.  The  study 
of  the  PID  controller  is  not  as  extensive  as  the  other  method.  Appendix  E  shows  the 
complete  state  and  output  responses  for  the  discrete  and  continuous  time  domain 
PI  controllers  designed  for  the  nominal  flight  condition.  The  MATRIXx  simulation 
macros  and  RLS  FORTRAN  code  is  presented  in  Appendix  F. 
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//.  Aircraft  Description  and  Models 


B.l  Introduction 

This  chapter  briefly  describes  the  Control  Reconfigurable  Combat  Aircraft, 
CRCA,  and  the  aircraft  models  that  are  used  in  the  control  law  analysis.  The  in¬ 
formation  for  this  section  of  the  thesis  is  obtained  from  the  Control  Reconfigurable 
Combat  Aircraft  Development  Phase  1,  Research  and  Development  Evaluation 
provided  by  the  Air  Force  Flight  Dynamics  Laboratory,  Wright-Patterson  AFB, 
Ohio  [26]. 

2.2  Aircraft  Description 

A  sketch  of  the  Control  Reconfigurable  Combat  Aircraft,  CRCA,  is  shown 
in  Figure  2.1.  The  aircraft  consists  of  two  trailing-edge  fiaperons  and  an  elevator 
per  wing,  a  vertical  rudder,  and  right  and  left  ceinards  with  30  degrees  of  dihedral. 
The  four  fiaperons  and  two  elevators  are  primarily  used  in  providing  pitch  and  roll 
control,  but  also  supplement  the  canards  with  independent  movement  when  stabil¬ 
ity  is  needed  should  canard  saturation  occur  during  a  maneuver.  Control  surface 
movements  of  the  fiaperons  and  elevators  fall  into  two  groups,  symmetrical  and 
differential.  Symmetrical  movement  of  the  trailing  edge  surfaces  enables  longitu¬ 
dinal  trim  and  airflow  control,  pitch  control,  and  airfoil  lift  during  landing  and  air 
combat  maneuvers.  Differential  deflection  of  the  elevators  and  fiaperons  permits 
precise  lateral  trim  and  roll  control.  The  primary  function  of  the  vertical  rudder 
surface  is  to  provide  directional  trim  and  yaw  control.  Canard  surfaces  may  also 
be  operated  symmetrically  to  produce  pitching  motion  or  differentially  to  produce 
yaw  or  roll  moments.  The  30  degrees  of  dihedral  angle  significantly  increases  the 
effect  of  the  canards  both  in  the  differential  and  symmetric  deflection  categories, 
but  the  dihedral  angle  reduces  directional  stability.  For  the  designs  in  this  thesis, 
the  trailing  edge  flaps  and  elevators  are  commanded  simultaneously  to  yield  “effec- 
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Table  2.1.  Mission  Segments 


MISSION  SEGMENT 

ALTITUDE,  FT 

MACH  NO. 

LOAD  FACTOR 

STOL 

1200 

Ig 

TF/TA 

SEA  LEVEL 

0.9 

Ig 

ACM  ENTRY 

30,000 

0.9 

Ig 

ACM  EXIT 

10,000 

0.275 

3g 

tive”  left  and  right  trailing  edge  control  surfaces.  This  arrangement  is  consistent 
with  existing  control  law  design  and  provides  preservation  of  laminar  air  flow  over 
the  wing  during  control  surface  movement.  The  number  of  controlled  surface  de¬ 
flections  are  reduced  to  five:  two  forward  canards,  left  trailing  edge  flaperon,  right 
trailing  edge  flaperon,  and  rudder.  Therefore,  the  control  surface  deflections  are 
defined  as  follows: 


6ci  =  left  canard 

^er  =  right  canard 

6tet  =  left  trailing  edge  flaperon 

^ier  =  right  trailing  edge  flaperon 

^rud  =  rudder 

The  CRCA  flight  control  system  is  designed  to  perform  satisfactorily  in  four 
mission  segments,  or  flight  conditions.  Although  design  is  at  four  set  points,  the 
control  law  is  valid  over  a  range  of  set  points  in  terms  of  maneuvers.  These  flight 
conditions  are  chosen  to  feature  the  aircraft’s  control  power  during  static  and 
dynamic  controllability  analyses.  Table  2.1  gives  a  brief  description  of  each  flight 
segment. 

The  first  flight  segment.  Short  Take-off  and  Landing  (STOL),  involves  maneu¬ 
vering  at  low  speeds  and  is  considered  one  of  the  most  important  flight  segments. 
This  capability  allows  for  continued  mission  operations  from  damaged  or  non-ideal 


airfields.  Typically,  the  STOL  landing  requirements  are  defined  as  a  maximum 
landing  distance  of  1500  feet  and  a  maximum  crosswind  of  30  knots.  Since  air¬ 
craft  configuration  is  different  at  this  flight  segment  and  often  requires  special  gain 
scheduling,  this  thesis  concentrates  on  a  controller  design  for  the  remaining  three 
flight  conditions.  This  decision  results  in  the  demonstration  of  the  robustness  of 
the  design  technique  in  analysis  of  aircraft  performance  through  the  remaining 
flight  conditions. 

The  second  flight  segment,  Terrain-Following/Terrain- Avoidance  (TF/TA), 
involves  high  speed  flight  within  200  feet  of  the  terrain.  This  flight  condition  is 
normally  associated  with  quick  entry  and  return  from  enemy  territory  where  low 
altitude  and  high  speed  reduce  the  risk  of  detection  and  elimination.  However,  the 
combination  of  high  speed  and  low  altitude  can  place  severe  stresses  on  the  aircraft 
and  pilot  should  rapid  pitch  maneuvering  be  necessary. 

The  third  flight  segment,  Air  Combat  Maneuvering  Entry  (ACM  Entry), 
involves  considerable  maneuvering  normally  associated  with  air-to-air  weapons  de¬ 
livery  or  enemy  aircraft  evasion.  Aircraft  speeds  are  usually  in  the  transonic  region 
with  confrontation  altitudes  between  10,000  and  30,000  feet. 

The  final  flight  segment.  Air  Combat  Maneuvering  Exit  (ACM  Exit),  rep¬ 
resents  low  aircraft  energy  at  the  termination  of  an  air-to-air  confrontation,  that 
is,  high  angle  of  attack,  low  air  speed,  and  high  load  factor.  This  flight  segment 
involves  the  region  of  largest  inertial  and  aerodynamic  coupling  and  is  the  most 
difficult  condition  for  controller  design  because  of  limited  control  power.  Typical 
aircraft  attitude  includes  a  trimmed  angle-of-attack  of  30  degrees,  bank  angle  of 
approximately  70  degrees,  and  sustained  loading  of  3  g’s. 

This  thesis  investigates  the  design  of  fixed  gain  proportional  plus  integral 
(PI)  controllers  for  the  ACM  Entry,  TF/TA,  and  ACM  Exit  flight  segments.  The 
adaptive  controller  design  is  implemented  for  the  nominal  flight  condition,  ACM 
Entry,  and  zissociated  control  law  adaption  for  a  30  percent  loss  of  effectiveness  of 
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the  left  trailing  edge. 


£.S  Aircraft  Models 

2.S.1  State  Space  Model  The  CRCA  aircraft  state  and  output  equations 
can  be  written  in  the  form 


X  =  Ax{t)  +  Bu{t) 

(2.1) 

y(t)  =  Cx(t) 

(2.2) 

where, 

A  =  the  continuous  time  plant  matrix  (n  x  n) 

B  =  the  continuous  time  control  matrix  (n  x  m)  with  the  rank  of  B  =  m 
C  =  the  continuous  time  output  matrix  (p  x  n) 

X  =  the  state  variable  vector  with  n  states 
u  =  the  control  input  vector  with  m  inputs 
y  =  the  output  vector  with  p  outputs 

The  state  and  output  equations  are  obtained  from  the  aircraft  equations  of  motion 
for  forces  and  moments  acting  on  the  aircraft.  A  Flight  Dynamics  Laboratory 
computer  program  for  the  CRCA  was  used  to  obtain  the  linearized  equations  of 
motion,  stability  coefficients,  and  the  corresponding  state  space  models.  Table  2.2 
illustrates  the  aircraft  modeling  information  for  the  nominal  flight  condition,  ACM 
Entry. 


Table  2.2.  Aircraft  Data  for  ACM  Entry 


Flight  Condition 

M  =  .9  q  =  356.3  Ib/ft^ 

Alt  =  30,000  ft  Thrust  =  6134  lb 

V  =  895  ft/sec  DLFLP  =  0.0  deg 

Aircraft  Attitude 

a  =  2.02  deg  6  =  2.02  deg 

0  =  0.00  deg  =  0.00  deg 

Surface  Positions  (deg) 

CL  =  -5.09 

CR  =  -5.09 

DTEISL  =  2.586 

DTEISR  =2.586 
RUDR  =  0.0 

Stability  Derivatives 


Longitudinal 


Cma  — 

.0063  {deg-^) 

Cmq 

=  -3.4000  (rad-* 

C„a  = 
Caa  — 

.0761  (deg-^) 

-.0039  (deg-*) 

Cnu 

=  -.0110  [mach~ 

Lateral/Directional 

CyP  - 

-.0067  (deg-*) 

Cnp 

=  -.0290  (rad-*) 

Clr 

.0610  (rad-*) 

Cl8 

=  .0014  (deg-*) 

Cl,  = 

Cn0  — 

-.2530  (rad-*) 

.0012  (deg-*) 

Cnr 

=  -.5270  (rad-*) 

TElL  =  2.586 

TElR  =  2.586 

TE2L  =  2.586 

TE2R  =  2.586 
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Table  2.2  (continued) 


Control  Derivatives  {deg  ') 


Surface 

^mS 

CrU 

Cab 

Cyb 

Cib 

Cnb 

Left  Canard 

.00588 

.00146 

.00019 

.00132 

.00022 

.00136 

Right  Canard 

.00588 

.00146 

.00019 

-.00132 

-.00022 

-.00136 

L  Obd  Flaperon 

-.00125 

.00286 

.00040 

-.00043 

.00053 

.00006 

L  Inbd  Flaperon 

-.00165 

.00443 

.00061 

-.00067 

.00064 

.00008 

Left  Elevator 

-.00116 

.00338 

.00047 

-.00051 

.00032 

.00006 

Right  Elevator 

-.00116 

.00338 

.00047 

.00051 

-.00032 

-.00006 

R  Inbd  Flaperon 

-.00165 

.00443 

.00061 

.00067 

-.00064 

-.00008 

R  Obd  Flaperon 

-.00125 

.00286 

.00040 

.00043 

-.00058 

-.00006 

Rudder 

0 

0 

0 

.00255 

.00033 

-.00152 

Table  2.3  illustrates  the  plant  matrices  with  corresponding  state  variable 
vector  I  and  control  input  vector  u  that  aire  obtained  from  the  linearization  pro¬ 
gram  for  the  ACM  Entry  flight  condition.  Aircraft  models  for  the  remaining  flight 
conditions  and  corresponding  program  output  are  contained  in  Appendix  A. 

For  this  design  the  state  matrices  A  and  B  of  Table  2.3  are  rearranged  into  a 
form  more  convenient  for  the  Porter  design  technique.  Recall  that  control  surfaces 
for  the  trailing  edge  flaps  and  elevator  are  commanded  simultaneously  to  yield 
“effective”  left  and  right  trailing  edge  control  surfaces.  The  columns  in  the  B 
matrix  corresponding  to  the  combination  of  control  surfaces  are  summed  together 
to  yield  the  “effective”  B  matrix  colunrn  value.  Additionally,  the  redundant  state, 
0,  is  removed  from  the  A  matrix;  thus  the  A  matrix  has  full  rank,  n  =  8.  Also,  the 
matrix  is  rearranged  to  move  the  kinematic  equations  to  the  first  two  rows  of  the 
A  matrix.  This  results  in  an  A  and  B  matrix  of  the  form  illustrated  in  Table  2.4, 
with  8  states  and  5  control  inputs. 

The  output  vector  y,  as  defined  in  Equation  2.2,  consists  of  outputs  needed 
to  command  the  desired  maneuvers  and  is  obtained  from  the  output  matrix,  C. 
The  output  vector  for  this  thesis  is  given  by 

V  =  forward  velocity 
/?  =  side  slip  angle 
0  =  pitch  angle 
(j)  =  bank  angle 
r  =  yaw  rate 

and  the  corresponding  output  equation 


2-8 


Table  2.3.  Aircraft  State  Space  Matrices  for  ACM  Entry 


.0119 

-.0186 

-31.2350 

-32.1804  .0000 

.0000 

.0000 

.0000 

.0000 

.0324 

-1.0634 

894.4548 

-1.0684  .0000 

.0000 

.0000 

.0000 

.0000 

.0002 

.0069 

-.6015 

.0000  .0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

1.0000 

.0000  .0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000  .0000 

.0000 

.0000 

1.0010 

.0000 

.0000 

.0000 

.0000 

.0000  .0000 

.0000 

.0000 

1.0000 

.0349 

.0000 

.0000 

.0000 

.0000  .0000 

.0360 

-.0929 

.0349 

-.9994 

.0000 

.0000 

.0000 

.0000  .0000 

.0000 

-27  8066 

-2.0376 

.4913 

.0000 

.0000 

.0000 

.0000  .0000 

.0000 

2.4582 

-.0241 

-.4377 

.0411 

.0411 

.1322 

.0866  1322 

.0866 

.1018 

.1018 

.0000  ■ 

-.3168 

-.3163 

-.9597 

-.6194  -.9597  - 

.6194 

-1.0183 

-1.0183 

.0000 

.1014 

.1014 

-.0284 

-.0215  -.0284  - 

.0215 

-.0200 

-.0200 

.0000 

.0003 

-.0008 

-.0002 

-.0001  .0002 

.0001 

-.0001 

.0001 

.0006 

.0000 

.0000 

.0000 

.0000  .0000 

0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000  .0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000  .0000 

.0000 

.0000 

.0000 

.0010 

.0762  -.0762  .2219  .2011  -.2219  -.2011  .1109  -.1109  ,1144 

,0486  -.0486  .0029  .0021  -.0029  -.0021  .0021  -.0021  -.0544 


X  =  ^uwq0tl;4>l3pr'^  (2-3) 

^  ^ci  ^cr  ^tell  ^telr  ^tt2r  ^dttlsl  ^dtcitr  ^rud 


U 
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Table  2.4.  Equivalent  Aircraft  A  and  B  Matrices  For  ACM  Entry 


I 


p 

.0000 

.0000 

.0000 

.0000 

1.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

1.0000 

.0350 

-32.1804 

.0000 

-.0119 

-.0186 

-31.2350 

.0000 

.0000 

.0000 

-1.0634 

.0000 

-.0324 

-1.0634 

894.4548 

.0000 

.0000 

.0000 

“  .0000 

.0000 

.0000 

.0069 

-.6015 

.0000 

.0000 

.0000 

N 

.0000 

.0360 

.0000 

.0000 

.0000 

-.0929 

.0349 

-.9994 

.0000 

.0000 

.0000 

.0000 

.0000 

-27.8066 

-2.0376 

.4913 

.0000 

.0000 

.0000 

.0000 

.0000 

2.4582 

-.0241 

-.4377 

.0000 

.0000 

.0000 

.0000 

.0000  ■ 

.0000 

.0000 

.0000 

.0000 

.0000 

.0411 

.0411 

.3206 

.3206 

.0000 

-.3163 

-.3163 

-2.5974 

-2.5974 

.0000 

.1014 

.1014 

-.0699 

-.0699 

.0000 

.0003 

-.0003 

-.0004 

.0004 

.0006 

.0762 

-.0762 

.5339 

-.5339 

.1144 

.0486 

-.0486 

.0071 

-.0071 

-.0544 

x  =  [ 

0  <p  u 

w  q  0 

P  r]^ 

(2.5) 

u  = 

^  ^cl  ^cr 

^ter  Stel 

iT 

^Tud  j 

(2.6) 
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The  aircraft  dynamics  described  by  Equation  2.1  and  Equation  2.2  are  im¬ 
plemented  in  the  simulation  as  illustrated  in  Figure  2.2. 

2.S.2  Autoregressive  Moving  Average  Model  The  CRCA  plant  and  output 
equations  of  Equation  2.1  and  Equation  2.2  can  be  represented  by  an  Autore¬ 
gressive  Moving  Average  (ARMA)  model  by  discretizing  the  equations  for  a  given 
sampling  period  T.  The  ARMA  representation  in  this  thesis  is  based  upon  the 
techniques  of  Bokor  and  Keviczky,  illustrated  in  Appendix  B,  and  result  in  a  re¬ 
duced  order  difference  equation  [5,  861-873].  Lijung  and  Soderstrom  [14,  99-101] 
show  the  input-output  relationships  of  Equation  2.1  and  Equation  2.2  expressed 
in  terms  of  a  Nth  order  autoregressive  difference  equation  of  the  form 

y{kT)  =  Biu[(fc  -  l)r]  -  Aiy\{k  -  l)r]  +  •  •  •  +  B,„ul(fc  -  m)r]  - 

Any\{k  -  n)r]  (2.8) 

where, 

Ai,A2,Bi  and  B2  are  the  coefficients  or  parameters  of  the  system,  m  is  equal  to 
the  number  of  inputs  in  the  system,  and  n  is  the  order  of  the  difference  equation. 


v  0  0  1  .0349  0  0  0  0 

0  00  0  0  0100 

fl  =  100  0  0000 

<f>  010  0  0000 

r  000  0  0001 
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Figure  2.2.  Aircraft  Plant  Representation 
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Often  it  is  convenient  to  express  Equation  2.8  as 


y{kT)  = 


(2.9) 


where, 


<t>^  =  -  i)^j  •••  -  y^[(^  -  n)?'] 

u^[(/:  —  l)!"]  . . .  u^[(A:  —  n)r]j 

The  vector  is  of  dimension  I  which  is  equal  to  the  number  of  parameters 
in  the  difference  equation  and  (f>^  is  a  matrix  of  the  past  values  of  the  inputs  and 
outputs  of  the  system.  For  the  CRCA  aircraft  model  of  Equation  2.1  and  Equa¬ 
tion  2.2  the  second  order  ARMA  representation  consists  of  the  parameter  vector  B 
containing  100  elements  and  is  unique  for  each  flight  condition.  Table  2.5  contains 
the  ARMA  representation  for  the  nominal  plant,  ACM  Entry,  and  Appendix  B 
contains  the  ARMA  representations  for  the  remaining  flight  conditions. 
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Table  2.5.  ARMA  Representation  -  A  and  B  Matrices  for  ACM  Entry 


-1.9766 

.0000 

2.0200 

.0000 

.0000 

.0000 

-1.9877 

.0000 

.0000 

.0000 

= 

.0031 

.0000  -1.9857 

.0000 

.0000 

.0000 

-27.8256 

.0000 

-.9750 

-.7002 

.0000 

.5755 

.0000 

-.0006 

-.9724 

.9767 

.0000 

-2.0015 

.0000 

.0000 

.0000 

.9898 

.0000 

.0000 

.0000 

-.0031 

.0000 

.9881 

.0000 

.0000 

.0000 

27.7994 

.0000 

.0000 

.0000 

.0000 

-.6359 

.0000 

.0000 

.0000 

.0007 

.0007 

.0058 

.0058 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0002 

-.0002 

.0000 

.0012 

-.0012 

.0002 

-.0002 

-.0014 

-.0008 

-.0008 

-.0055 

-.0055 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

B2  = 

.0000 

.0000 

.0000 

.0000 

.0000 

-.0006 

.0006 

.0004 

-.0004 

.0001 

.0000 

.0000 

.0000 

.0000 

.0000 

=  [AlVAiy...A 

(1)4(2) 

55  -^11  •  • 

4(2)  d(1) 

•  "^55  25]  1 

■  ■■  fill's 

(2) 

11  •  •  • 
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Table  2.6.  Control  Surface  Position  and  Rate  Limits 


Surface 

Position  Limit 
(deg) 

Rate  Limit 
(deg/sec) 

Left  Canard 

+60  -30 

±  100 

Right  Canard 

+60  -30 

±  100 

Left  Trailing  Edge 

+30  -30 

±  100 

Right  Trailing  Edge 

+30  -30 

±  100 

Rudder 

+20  -20 
_ 1 

±  100 

2.^  Actuator  Model 

In  order  for  simulation  results  to  be  valid,  actuator  dynamics  must  be  in¬ 
cluded  in  the  design  of  aircraft  control  systems.  Rate  and  position  limits  are  often 
encountered,  especially  during  reconfiguration  of  failed  control  surfaces.  The  con¬ 
trol  surface  actuator  model  for  the  canards,  trailing  edge  flaperons,  and  rudder  is 
approximated  by  a  first  order  transfer  function  of  the  form 

20 

^eon<rot{5)  —  '  (2.10) 

s  +  iv 

The  PI  and  PID  controller  designs  in  this  thesis  include  incorporation  of  the 
first  order  actuator  models.  Control  surface  position  and  rate  limits  are  listed  in 
Table  2.6  and  reflect  values  for  a  control  surfaces  at  neutral  position. 

Each  of  the  linearized  equations  and  state  space  representations  at  each  flight 
condition  represent  control  surfaces  which  are  deflected  at  some  value.  In  the  anal¬ 
ysis  of  the  aircraft  responses,  each  control  surface  position  is  adjusted  accordingly 
to  reflect  the  contribution  of  initial  control  surface  values  obtained  from  the  lin¬ 
earization  process.  A  complete  list  of  the  initial  control  surface  positions  for  each 
flight  condition  are  contained  in  Appendix  A.  Figure  2.3  illustrates  the  actuator 
representation  of  Equation  2.10  in  state  space  form. 
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The  purpose  of  the  limited  integrator  in  the  diagram  is  to  stop  integration  of 
the  actuator  deflection  rate  signal  should  surface  position  limits  be  encountered. 
This  condition  prevents  the  phenomenon  known  as  “integrator  wind-up”  when 
the  integrator  continually  tries  to  calculate  control  surface  position  based  on  the 
surface  deflection  rate  even  though  control  surfaces  are  at  maximum  deflection  [27, 
602],  The  side  affects  of  integrator  wind-up  include  sluggish  and  inaccurate  system 
response  when  surface  position  limits  eventually  return  to  within  normal  operating 
range. 


2.5  Normal  Acceleration 

The  value  of  the  normal  acceleration  at  the  pilot  station  is  an  important  char¬ 
acteristic  in  evaluating  the  performance  of  a  maneuver.  Aircrzd't  structural  limits 
may  be  exceeded  or  the  pilot  may  not  be  able  to  physically  endure  the  increase 
in  g’s.  Therefore,  all  aircraft  responses  presented  in  this  thesis  include  monitoring 
this  value.  The  complete  set  of  mathematical  equations  needed  to  calculate  the 
acceleration,  A*,  of  the  center  of  gravity  (C.G.)  is  contained  in  reference  [3].  How¬ 
ever,  the  normal  acceleration,  felt  by  the  pilot  must  also  consider  the  distance 
the  pilot  station  is  located  from  the  center  of  gravity.  For  the  CRCA, 


where. 


N, 


(Pilot  Station) 


^  ^  (28  ft)0 
9 


(units  =  g) 


g  =  32.174  h/sec^ 

0  =  Pitch  Acceleration 


(2.11) 


Ai  =  Acceleration  of  C.G. 


(2.12) 


A,..,.  =  w-  {Uo)q  +  [<7sin(^o)]^ 

e  =  {MSU)u  -I-  (MW)w  +  (MQ)0  +  {MWDOT)w  + 

{MDCL)Sci  +  (MDCR)S„  +  {MDTEL)6ui  -h 
(MDTER)Ster  {2-13) 

The  coefficients  for  each  flight  condition  are  shown  in  Appendix  F. 

Summary 

The  Control  Reconfigurable  Combat  Aircraft  represents  future  aircraft  de¬ 
sign  with  demonstration  of  mission  and  control  power  developments  in  canard 
controlled  aircraft.  It  is  described  by  a  set  of  linear  differential  equations  devel¬ 
oped  from  the  equations  of  motion  and  stability  coefficients.  The  aircraft  models 
used  in  this  research  are  linearized  about  3  flight  conditions,  TF/TA,  ACM  Entry, 
and  ACM  Exit  and  include  the  effects  of  actuator  dynamics.  In  preparation  for 
the  adaptive  control  analysis,  the  autoregressive  moving  average  (ARMA)  equiv¬ 
alent  representation  of  aircraft  plant  dynamics  is  presented.  With  the  aircraft 
models  deflned  and  the  input/output  relationships  established,  the  PI  controller 
implementation  methodology  is  described  in  Chapter  3. 


III.  Control  Law  Design 


5.1  Introduction 

This  chapter  describes  the  control  algorithm  that  is  implemented  in  the 
Proportional  plus  Integral  (PI)  controller  and  parameter  adaptive  control  system 
shown  in  Figure  1.1.  An  alternative  design  technique,  using  the  Proportional  plus 
Integral  plus  Derivative  (PID)  control  theory,  is  developed  in  Appendix  D  and 
provides  supplemental  information  when  certain  plant  characteristics  are  present. 
The  primary  emphasis  is  placed  on  the  multivariable  control  law  design  techniques 
developed  by  Professor  Brian  Porter  of  the  University  of  Salford,  England.  These 
design  methods  incorporate  high  gain  error-actuated  controllers  using  output  feed¬ 
back.  Output  feedback  is  preferred  because  state  variable  reconstruction  may  be 
difficult,  impractical,  and  accessible  plant  dynamics  are  not  realizable.  Modelling 
of  plants  using  the  input /output  data  to  capture  the  entire  dynamics  of  the  system 
is  essential  when  designing  an  adaptive  controller.  The  structure  and  characteris¬ 
tics  of  the  plant  can  be  modelled  by  use  of  the  impulse  and  step  response  matrix 
calculations,  thus  eliminating  the  need  to  know  the  internal  mathematical  equa¬ 
tions  that  compose  the  system.  The  theory  presented  in  this  chapter  is  primarily 
obtained  from  references  [8]  and  [17]. 

5.2  Porter’s  PI  Control  Law 

The  Porter  design  technique  requires  describing  the  plant  to  be  controlled  as  a 
set  of  input  and  output  equations  expressed  in  the  state-space  form  of  Equation  2.1 
and  Equation  2.2 


X  —  Ax{t)  -I-  Bu{t) 
y{t)  =  Cx{t) 
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where, 


A  =  the  continuous  time  plant  matrix  (n  x  n) 

B  =  the  continuous  time  control  matrix  (n  x  m)  with  the  rank  of  B  =  m 
C  =  the  continuous  time  output  matrix  (p  x  n) 

X  =  the  state  variable  vector  with  n  states 
u  =  the  control  input  vector  with  m  inputs 
y  =  the  output  vector  with  p  outputs 

Equation  2.1  and  Equation  2.2  may  be  transformed  into  a  form 


ii(t) 

X2{t] 


All  Ai2 

A21  A22 


ii(t) 

X2(0 


(3.1) 


where, 


ii(t) 

I2(t) 


(3.2) 


I2  =  m  X  1 

B2  =  m  X  m  and  has  rank  m 
C2  =  mxm  and  has  rank  m 


The  design  method  used  for  the  controller  in  this  research  project  requires 
the  number  of  controlled  outputs  y(t)  be  equal  to  the  number  of  control  inputs 
u(t)i  that  is,  m  =  p.  Furthermore,  the  design  of  the  system  is  dependent  on  the 
rank  of  the  first  Markov  parameter,  the  matrix  product  CB.  When  CB  has  full 
rank  “m”,  the  plant  is  defined  as  regular  and  the  PI  controller  is  implemented  as 
illustrated  in  Figure  3.1. 


Figure  3.1.  PI  Controller  Regular  Plant  Design 


When  CB  is  rank  deficient,  the  plant  is  defined  as  irregular.  Irregular  plant 
controller  design  requires  either  the  augmentation  of  an  inner-loop  which  provides 
extra  measurements  for  control  purposes,  Figure  3.2,  or  a  Proportional  plus  Integral 
plus  Derivative  (PID)  control  law  implementation.  Appendix  D. 

The  configuration  of  the  system  in  this  thesis  provides  for  an  irregular  design 
and  incorporates  the  following  design  parameters  contained  in  Equation  3.1  and 
Equation  3.2. 


where. 


(3.3) 

(3.4) 

(3.5) 
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Figure  3.2.  PI  Controller  Irregular  Plant  Design 


I 


I 


I 


6 cl  =  left  canard 

6cr  =  right  canard 

6tti  =  left  trailing  edge  flaperon 

8ter  =  right  trailing  edge  flaperon 

=  rudder 

The  output  matrix  C,  composed  of  linear  combinations  of  the  state  variables, 
provides  the  following  flve  outputs. 

V  =  forward  velocity 
3  =  side  slip  angle 
6  -  pitch  angle 
4>  —  bank  angle 
r  =  yaw  rate 
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The  high-gain  controller  implementing  the  proportional  plus  integral  (PI) 
control  law,  Figure  3.2,  is  expressed  in  the  continuous  time  domain  by  the  rela¬ 
tionship 


u(t)  =  g\Kie{t)  +  K2z{t)\ 


where. 


g  =  scalar  gain 

Ki  =  proportional  gain  matrix  (m  x  m) 

K2  —  integral  gain  matrix  (m  x  m) 

e(t)  =  error  vector  between  the  input  r(t)  and  output  y(t) 

z{t)  =  f  e{t)  dt 
JQ 

For  the  discrete  PI  controller.  Equation  3.6  is  expressed  as 


u{kT)  =  {l/TyKie{kT)  ^  K2z{kT}] 


where. 


T  =  sampling  period  (1/f) 

Ki  =  proportional  gain  matrix  (m  x  m) 

K2  =  integral  gain  matrix  (m  x  m) 
e{kT)  =  error  vector  between  the  r(kT)  and  y(kT) 
z(kT)  =  digital  integral  of  the  error  e(kT) 

approximated  by  the  difference  equation 
zl(k  +  1)T]  =  z(kT)  +  (l/T}e{kT) 
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Figure  3.3.  Discrete  PI  Controller  -  Irregular  Plant 

[9] 

Figure  3.3  illustrates  the  implementation  of  Equation  3.7  with  the  appropri¬ 
ate  gain  factor  and  zero  order  hold  (zoh). 

S.S.l  Fixed  Gain  Matrices  The  form  of  the  B  matrix  in  Equation  3.1  and 
an  investigation  of  the  control  law  representation  of  Equation  3.6  as  g  becomes 
large,  or  asymptotically  approaches  infinity,  g  — +  oo,  develops  the  performance  of 
the  closed-loop  system  under  high  gain  operation. 

In  Figure  3.2,  the  minor  loop  feedback  described  by 

w{i)  =  y{i)  ^  Mxi  (3.8) 

enables  the  irregular  system  to  be  controllable.  Inserting  the  values  obtained  from 
Equation  3.1  and  Equation  3.2  into  Equation  3.8  yields  a  new  output  equation 


I 
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w{t)  = 


Cl  C2  "I"  A/  ^ij  Ai2 

[Cl  +  Ad  All)  [Ci  +  MA12) 


=  Fi  F2 


(3.10) 


(3.11) 


For  the  closed  loop  tracking  system  of  Figure  3.2,  Equations  3.1  through  3.6 
and  Equation  3.8,  are  combined  to  yield  the  form 


gB2K2  A21  —  gB2Ki  A22  ~  9B2K1F2 


z[t) 

Xi{t)  + 

12(0 


where. 


0  rit) 


9B2K1 


r[t)  =  vector  of  command  inputs,  (m  x  l) 


(3.12) 


v  / 

y[t)  =  0  Cl  C2  xi[t) 

12(0 


(3.13) 


The  closed-loop  transfer  function  for  Equation  3.12  and  Equation  3.13  is 
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The  measurement  matrix  M  in  Equations  3.8  through  3.11  is  selected  with 
as  few  non-zero  elements  as  possible,  containing  only  enough  elements  so  that  F2 
has  rank  m.  Reference  [8]  gives  an  approach  to  selecting  a  measurement  matrix 
for  optimum  decoupling. 

The  slow  transfer  function,  determined  from  Equation  3.17  through  Equa¬ 
tion  3.19,  is 


r.(A)  =  [Cl  -  CjEf'FiKA/p  -  An  +  (3.23) 

and  contains  only  the  transmission  zeros. 

The  fast  transfer  function,  determined  from  Equation  3.20  through  Equa¬ 
tion  3.22,  is 


I 


I 


I 


r/(A)  =  C2Fj-'[A/„_p  +  gF2B2K,]-^gF2B2Ki  (3.24) 

The  proportional  matrix,  Ki,  from  Equation  3.6,  is  selected  to  make  the 
fast  transfer  function.  Equation  3.24  diagonal.  This  is  accomplished  by  selecting  a 
diagonal  matrix  E  such  that 


F2B2K1  = 


Cl  0  •  •  •  0 

0  <72  : 

i  ■  • .  0 

0  Cm 


=  E 


(3.25) 


Ki  =  (FzBz)"*^ 

The  integral  gain  matrix,  if 2,  is  assigned  using 


(3.26) 


K2  =  XKi 


(3.27) 
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where, 

A  =  proportional  to  integral  proportionality  constant  (adjusted  to  give  good  tran¬ 
sient  response) 

S.2.'2  Step-Response  Matrices  The  PI  controller  gains  Ki  and  K2  previ¬ 
ously  developed  are  realizable  only  when  the  mathematical  model  of  the  plant 
is  expressed  in  state  space  form.  Should  these  matrices  not  be  obtainable,  the 
PI  controller  can  be  designed  using  the  step  response  matrix,  H(T)  and  H(oo) 
[16,17,19,22,24].  This  procedure  involves  applying  a  unit  step  input  to  the  open- 
loop  plant  and  measuring  the  output  response  at  the  sampling  time  T  and  as 
T  — +  00.  Should  the  open-loop  plant  be  unstable,  that  is,  eigenvalues  of  the  plant 
exist  in  the  right  half  plane,  this  technique  of  obtaining  H(T)  and  H(oo)  is  not  pos¬ 
sible.  References  [5]  and  [I8]  develop  a  procedure  to  obtain  H(T)  and  H(oo)  from 
the  autoregressive  difference  equation.  The  significance  of  using  H(T)  is  that  it  is 
readily  obtained  from  the  input-output  measurements,  thus  reflecting  the  current 
status  of  the  plant,  and  serves  as  a  basis  for  a  parameter  adaptive  system  [16,  3]. 
These  matrices  are  defined  as 

H{T)  =  r  Cexp{ At) B  dt  (3.28) 

Jo 

H{T)  =  G(0)  ss  -CA-^B  (3.29) 

For  small  sampling  periods  H(T)  «  T[C'B]  and  the  control  law  of  Equation  3.8 
becomes 


1 


u{kT)  =  KM^T)  +  K2z{kT) 


I 

(3.30) 


I 
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where, 


(3.31) 

G(0)^[G(0)G(0)^]-^n 

(3.32) 

diagonal  weighting  matrix  [ai, . . .  Om] 

(3.33) 

diagonal  weighting  matrix  [xi, . . .  x„] 

(3.34) 

In  the  case  of  plant  parameter  changes,  due  to  control  surface  failures,  it  is 
essential  to  provide  updated  step-response  matrices  to  incorporate  into  the  control 
law  of  Equation  3.30. 

The  behavior  of  the  plant  can  be  modelled  at  each  sampling  period  T  by 
means  of  an  autoregressive  difference  equation.  Equation  2.8,  of  the  form 


y{kT)  =  Biu[(fc-l)r)-Aiy[(fc-l)r|  +  ...  +  B,„ul(fc-m)r]- 
Any\{k  -  n)T] 


where, 

Ai,A2,B\  and  are  the  coefficients  or  parameters  of  the  system,  m  is  equal  to 
the  number  of  inputs  in  the  system,  and  n  is  the  order  of  the  difference  equation. 
Often  it  is  convenient  to  express  Equation  2.8  els  Equation  2.9 


y{kT)  =  e^<f> 

where, 

<i>^  =  -  l)r] . . .  -  y^[(fc  -  n)r]  u^[(A:  -  l)r...u^[(fc  -  m)r] 
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The  vector  0^  is  of  dimension  I  which  is  equal  to  the  number  of  parameters  in  the 
difference  equation  and  4>^  is  a  matrix  of  the  past  values  of  the  inputs  and  outputs 
of  the  system. 

By  applying  the  definition  of  the  step-response  matrix  of  Equation  3.28  and 
analyzing  Equation  2.8  at  time  “T” 

H{T)  =  (3.35) 

~  (f  +  -h  •  •  •  +  A„)  *  (Bi -h  B2 -f  •  •  •  +  Bm)  (3.36) 

The  autoregressive  difference  coefficients,  plant  parameters,  used  in  the  con¬ 
trol  law  calculations  are  estimated  using  a  recursive  least  squares  method  as  de¬ 
scribed  in  the  next  section. 

S.S  Parameter  Adaptive  Algorithm 

There  are  many  well  know  parameter  identification  algorithms  to  help  solve 
the  problem  of  identifying  plant  coefficients  needed  in  the  ARMA  representation 
[12,13,14].  Included  are  maximum  likelihood  and  stochastic  approximation,  but 
the  le£ist  squares  method  selected  in  this  thesis  is  a  classical  technique  used  by 
many  scientific  disciplines.  It  is  conceptually  simple  and  applicable  in  a  wide 
range  of  situations  and  exhibits  statistical  properties  that  are  as  good  as  those 
of  maximum  liklihood  method  for  most  practical  situations  [12,  4).  Parameter 
estimates  are  recursively  calculated  every  sample  period  so  new  input-output  data 
is  used  to  correct  and  update  the  existing  estimates.  Recall  that  from  Equation  2.9, 
Section  2.3.2,  the  representation  of  the  plant  difference  output  equation  are  put  in 
the  form 

y{kT)  =  0^(f> 
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where, 


<t>'^  =  [-y^[(fc-l)r]...-y^[(fc-n)r]  u^[{k  -  l)T  . .  .u'^[{k  -  m)T\ 

The  parameter  vector  6,  Equation  2.9,  is  desired  to  be  estimated  from  the 
input  and  output  time  history.  The  least  squares  method  chooses  an  estimate  by 
minimizing  the  “equation  error”  term  v(t)  in  the  equation 

y{kT)  =  e'^<i>  +  v{t)  (3.37) 

By  choosing  a  function  of  the  form 


VnW  =  1/Af  E  a,|!,(()  -  (3.38) 

0 

and  minimizing  with  respect  to  6  gives  a  least  squares  estimate  of  the  parameter 
vector  0.  The  inclusion  of  the  coefficient  ctt  allows  different  weights  to  be  applied 
to  different  input-output  data.  Most  often  at  is  chosen  equal  to  1  [14,  17],  If 
Equation  3.38  is  expanded,  the  estimation  of  0  can  be  carried  out  on-line  recursively 
using  the  equations 


0{k  -f  1)  =  0{k)  +  P{k)x{k  +  l)7(fc  -I-  l)(y(*  +  1)  -  x^{k  ■+  l)^(fc)] 

P{k  +  1)  =  P{k)  -  P{k)x{k  +  l)7(fc  +  l)x^{k  +  l)P(fc) 

^  ^  [q,  -K  xT{k  +  l)P{k)x{k  +  1)] 


(3.39) 

(3.40) 

(3.41) 


4* 


x{k  +  1)  =  [-!/(*:),. . . , -y{k  -  n),  u(k),  ...,u(k-  n)]  (3-42) 


where, 


e{k) 

p{k) 
x{k  +  1) 


at 


plant  parameter  vector 

covariance  matrix  associated  with  estimation 
time  history  of  input/output  data 
weighting  parameter 


Often  it  is  desired  to  consider  discounting  old  information  when  the  process 
is  not  constant.  Inclusion  of  a  forgetting  factor  helps  the  algorithm  stay  more  alert 
to  changes  in  plant  parameters.  The  forgetting  factor  7  modifies  Equation  3.40 
and  Equation  3.41  to  yield 


P{k  +  1)  =  ~{P{k)  -  P{k)x{k  +  l)^{k  +  l)x'^{k  +  l)P{k)\  (3.43) 

7 

^  +  xr(A:  +  l)P(Jk)x(jt  +  1)] 

To  illustrate  the  dimensions  and  characteristics  of  Equation  3.39  through 
Equation  3.42,  consider  the  following  system  with  2  inputs,  2  outputs  and  described 
by  a  2nd  order  linear  difference  equation. 


Y{k)  = 


yi{k) 

Vilk) 

Bn 

Bn 


= 

All  Ai2 

A21  A22 

y(fc-l)- 

All  An 

A21  A22 

Bi2 

B22 

17(A:-1)  + 

Bu  Bi2 

B21  B22 

U(k  -  2) 

Y{k-2)  + 


(3.45) 
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This  is  expanded  to  the  form, 


-yi{k  - 1) 

0 

-y2{k  - 1) 

0 

.>•(*-11 

Ai2 

0 

-yi{k-  1) 

■^21 

0 

1 

1 

I-* 

Ayik-1) 

A22 

1 

1 

I-* 

0 

-y2{k  - 1) 

0 

4y(*-2) 

■^12 

0 

-yi{fc  -  1) 

4y(*-2) 

A21 

0 

-y2{k  -  1) 

e  = 

jy(t-2) 

■^22 

Ui(fc  —  1) 

0 

nv{k-i) 

U2{k  —  1) 

0 

J3i2 

0 

ui{k  —  1) 

0 

U2{k  —  1) 

Ui{k  —  1) 

0 

QVik-2) 

U2{k  —  1) 

0 

0 

ui(fc  -  1) 

oV[k-2) 

£>21 

0 

U2{k  -  1) 

AU[k-2) 

Ji.22 

8-4  Summary 


(3.46) 


This  chapter  presents  the  development  of  the  Proportional  Plus  Integral,  PI, 

control  law  developed  by  Professor  Brian  Porter.  Procedures  for  the  selection  of 

the  controller,  gains  Ki  and  K2  are  outlined  baised  upon  the  available  plant  models, 

either  known  A,B  and  C  matrices  or  an  ARMA  model  representation  using  the  step- 

response  matrices.  The  chapter  concludes  with  a  summary  of  the  recursive  least 

squares  parameter  estimation  algorithm,  and  an  illustration  of  the  format  needed 

for  proper  implementation.  The  design  process,  incorporating  the  mathematical 

developments  presented  in  this  chapter,  for  the  nominal  flight  condition  is  presented 

\ 

in  Chapter  4. 
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IV.  Design  Procedure 


4.1  Introduction 

Chapter  3  provides  a  basis  for  understanding  the  mathematical  relationships 
needed  to  validate  the  controller  and  system  response.  This  chapter  describes  the 
specific  design  procedure  needed  to  implement  the  fixed  gain  Proportional  plus 
Integral  (PI)  controller  for  the  CRCA.  The  nominal  plant,  ACM  Entry,  serves  as 
a  basis  for  the  controller  design  with  a  summary  of  design  parameters  tabulated 
for  the  remaining  flight  conditions  in  Chapter  5.  Since  a  number  of  user  defined 
controller  design  parameters  are  selected  for  a  desired  output,  many  trial  and 
error  simulations  are  required.  A  powerful  simulation  tool  called  MATRDCx  is 
invaluable  in  minimizing  the  parameter  selection  process  [15]. 

4.2  Plant  Considerations 

Before  designing  the  PI  controller  using  the  Porter  method,  several  mathe¬ 
matical  relationships  concerning  the  plant  must  be  checked.  This  is  particuleu-ly 
important  if  the  plant  A  and  B  matrix  have  been  modified  using  simplifying  as¬ 
sumptions,  such  as  those  used  in  this  thesis  for  reducing  the  number  of  control 
surfaces.  Of  prime  importance  is  the  controllability  and  observability  of  plant 
state  variables.  Secondly,  to  insure  overall  stability,  system  transmission  zeros 
must  lie  in  the  open  half  left  s-plane,  and  not  at  the  origin.  Also,  the  open-loop 
stability  of  the  plant  is  checked  from  the  eigenvalues  of  the  A  matrix.  Finally,  the 
control  input  needed  to  perform  a  desired  maneuver  must  be  checked  because  the 
control  surfaces  may  not  be  able  to  deflect  sufficiently  to  meet  the  input  demands. 
Checking  this  relationship  is  essential  prior  to  designing  the  controller. 

4.2.1  Controllability  and  Observability  The  eight  states  associated  with  the 
aircraft  plant  matrices  of  Table  2.4  must  be  completely  controllable  and  observable. 


Controllability  and  observability  for  this  design  is  made  using  functions  resident 
in  MATRIXx  [8,15].  To  insure  the  input  u{t)  has  an  effect  on  each  of  the  eight 
states  of  the  plant,  the  controllability  matrix  Me  is  formed  from  the  state-space 
matrices  and  must  have  rank  n,  where  n  equals  the  number  of  state  variables.  The 
controllability  matrix  is  formed  using  the  relationship, 


Rank  Me  =  Rank  [B  \AB\...\  =  n  (4.1) 

Likewise,  the  observability  matrix  Mq  must  have  rank  equal  to  the  number  of  state 
variables  in  the  system  and  have  the  property  such  that 


Rank  M^  =  Rank  j  A^C'^  j . . .  j  =  n  (4.2) 

For  this  design  the  plant  is  both  observable  and  controllable. 

4-2.2  Transmission  Zeros  and  Open-Loop  Eigenvalues  Careful  considera¬ 
tion  must  be  given  to  the  choice  of  the  outputs  used  in  feedback  as  the  location 
of  the  system  transmission  zeros,  if  any,  is  highly  dependent  on  this  selection. 
Transmission  zero  location  is  important  because  certain  closed-loop  poles  of  the 
plant  will  migrate  to  these  locations  as  the  gain  of  the  system  is  increased.  Closed- 
loop  stability  is  enhanced  by  consideration  of  these  locations.  By  definition,  the 
transmission  zeros  of  the  system  are  defined  in  the  s-plane  for  a  controllable  and 
observable  system  as  the  eigenvalues  associated  with  the  determinant  of  the  system 
matrix  when  the  number  of  inputs  m  is  equal  to  the  number  of  outputs  I  [23] , 


Z{s) 


si -A  -B 
C  D 


(4.3) 


and  must  reside  in  the  left  half  s-plane.  This  is  accomplished  by  selecting  combina¬ 
tions  of  the  output,  or  elements  of  the  C  matrix,  that  yield  the  desired  eigenvalues. 
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Transmission  zeros  at  the  origin  are  usually  present  when  rates  or  accelerations  are 
used  in  feedback.  Although  PI  control  has  been  successfully  implemented  with  sys¬ 
tems  containing  transmission  zeros  located  at  the  origin  [2,16],  it  is  highly  desirable 
to  avoid  these  locations  so  complete  functional  controllability  of  the  overall  plant 
is  obtained.  The  idea  of  functional  controllability  can  be  illustrated  if  the  output 
relationship  of  the  plant  in  the  s-plane  is  described  by  the  equation 

y(s)  =  G(sMs)  (4.4) 

and  the  final  value  theorem, 


limsFfs)  =  lim  fit) 

,->0  '  '  «— oo  '  ' 

is  applied  to  Equation  4.4  for  a  step  input  1/a.  Thus  at  steady  state 


(4.5) 


y.,  =  G{0)U, 


(4.6) 


If  the  rank  of  the  determinant  of  G(0)  is  equal  to  m,  where  m  is  the  number  of  con¬ 
trol  inputs,  then  functional  controllability  is  assured  because  any  combinations 
of  the  input  will  fall  into  the  “range”  space  of  U[s).  If  the  determinant  of  G(0)  = 
0  (rank  <  m)  then  the  plant  is  functionally  uncontrollable.  This  relationship  can 
also  be  expressed  in  terms  of  Equation  4.3  evaluated  as  s  — >  0  where. 


(4.7) 

(4.8) 

(4.9) 

For  this  design,  the  output  matrix  C  is  selected  as 


Z(0}  =  0 

iffdet  -  CA-^B  =  0 
iff  det  G(0)  =0 
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6 
<i> 

u 

w 

q 
0 
p 
r 

and  results  in  one  transmission  zero  at  -1.6844. 

The  open-loop  eigenvalues  of  the  system  reflect  the  stability  of  the  modes  of 
the  system,  i.e.  dutch  roll  and  spiral  divergence.  If  the  plant  is  open-loop  unstable 
or  non- minimum  phase,  often  special  compensation  is  necessary  before  a  controller 
is  implemented.  The  measurement  matrix  M  used  in  the  irregular  PI  controller 
^  »  design  provides  the  feedback  necessary  to  stabilize  the  system.  For  the  CRCA  and 

associated  flight  conditions  the  open-loop  eigenvalues  are  listed  in  Table  4.1  and 
indicate  open-loop  instability  in  all  cases. 

4  S.S  Transfer  Functions  The  s-plane  analysis  of  the  open-loop  system  can 
give  tremendous  insight  into  the  characteristics  of  the  plant.  Not  only  can  the 
system  transmission  zeros  be  determined,  but  also  determination  of  the  steady- 
state  relationships  between  the  desired  output  and  the  control  input  needed  to 
sustain  the  chosen  response.  Equation  4.4  describes  the  output  relationship  of  the 
plant  in  the  s-plane  as 

Y{s)  =  G{s)U{s) 

Equation  4.4  is  rearranged  into  the  form 


V  0  0  1  0.0349  0  0  0  0 

0  000  0  0100 

0  =  100  0  0000 

(f>  010  0  0000 

r  000  0  0001 
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Table  4.1.  Open-Loop  Eigenvalues 


ACMENTRY 

ACM30TL 

-3.32812? +  00  +1.77812?  -  17* 
+  1.66692?  +  00  +3.08152?  -  16* 
-7.78932?  -  03  -4.95322?  -  02* 

-7.78932? -03  +4.95322?  -  02*' 

-2.01562?  +  00  +2.41132?  -  16* 
-5.62342?  -  02  +9.36442?  -  17*' 

-2.48182?  -  01  +1.83232?  +  00* 

-2.48182? -01  -1.83232? +  00*' 

-3.36752?  +  00  -1.91042?  -  16* 
+1.64702?  +  00  -8.91162?  -  17* 
-2.26642?  -  03  +3.09742?  -  02* 
-2.26642?  -  03  -3.09742?  -  02* 

-2.85592?  -  01  +1.9789D  +  00* 

~2.0535D  +  00  -3.1495D  -  16* 

-2.85592? -  01  -1.97892? +  00* 

-5.4349D  -  02  -5.90232?  -  17* 

ACMEXIT 


ACM50CL 


+  1.7084D  +  00t 
-(-4.8393D  -  I7i 


-2.7472D  +  00 
-1.7162D  +  00 
-6.5718D-01 
+4.7183D  -  01 
-3.05881?  -  01 
-2.1388D  -  01 
^-2.2007D  -  02 
+2.2007D  -  02 


+4.9619X?  -  17i 
+  7.2274D  -  17t‘ 
-1.7084D  +  00t‘ 
-6.1547D  -  17i 
+  3.0117P  -  17t 
-4.6500P  -  18t' 
+3.62591?  -  02t 
-3.6259I>  -  02t’ 


-6.57l8i?  -  01 
+  1.0563D  +  00 
-4.0576D  -  03 
-4.0576Z?  -  03 
-2.6137D  -  01 
-2.0320i?  +  00 
-4.9269D  -  02 
-2.61371?-  01 


-3.54251?  -  02t 
-h 3. 54252?  -  02t 
+  1.81242? -fOOt 
-1.47612?-  16* 
-2.37712?-  17* 
-1.81242? +  00* 


where, 


ACMENTRY  =  ACM  Entry  (nominal  flight  condition) 

ACM30TL  =  30  percent  loss  of  effectiveness  of  the  left  trailing  edge  -  ACM  Entry 
ACM50CL  =  50  percent  loss  of  effectiveness  of  the  left  canard  -  ACM  Entry 
ACMEXIT  =  ACM  Exit  flight  condition 
TFTA  =  TF/TA  flight  condition 

TFTA30TL  =  30  percent  loss  of  effectiveness  of  the  left  trailing  edge  -  TF/TA 
TFTA50CL  =  50  percent  loss  of  effectiveness  of  the  left  canard  -  TF/TA 

*  For  all  subsequent  tables,  D  represents  that  value  calculated  with  double  pre¬ 
cision. 
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Table  4.1  Open-Loop  Eigenvalues  (cont) 


TFTA 

TFTA30TL 

-2.4418l>  +  00 

-h4.4400D  -r  OOt 

-7.07841?  -r  00 

-9.84762?  - 

17t 

-2.4418D  + 

00 

-4.4400D  ^  OOi 

-2.1920£>  +  00 

-2.16012?  - 

16i 

+2.3551D  - 

02 

-2.6317£>  -  15t 

-1.6299D  -  02 

-7.73582?  - 

03i 

-5.8254£>  - 

02 

^3.1522D  -  15t 

-1.6299D-02 

+7.73582?  - 

03t 

-7.5589£>  - 

01 

-h2.9853£>  4-  OOi 

-5.40251? +  00 

+  1.85622?- 

16t 

-4.5709D  - 

02 

-4.1054D  -  16f 

-7.4601Z?  -  01 

-2.97322?- 

o 

o 

. 

-5.4284D  +  00 

-1.1840D  -  16t 

-7.46011?  -  01 

-2.97322?- 

OOt 

-7.5589£)  - 

01 

-2.9853l>  +  00t 

-4.5436Z?  -  02 

-0.00002?  - 

OOi 

!  TFTA50CL  j 

1  -6.7047D  +  00 

-1.0750D  - 

18t  i 

1  -49.5544D  -  01 

-3.2592D  - 

16t  j 

'  -1.93582?  -02 

-2.6849D  - 

02 1  i 

,  -1.9358D  -  02 

-2.68492?  - 

02t 

;  -6.17832? +  00 

-r4. 13192?  - 

i7t ; 

;  -8.4840D-01 

+3.03702?  4-  OOt  j 

-8.4840D-01 

-3.03702?  -4  OOt 

-5.18542?  -  02 

-0.00002?  - 

OOt 

where, 


ACMENTRY  =  ACM  Entry  (nominal  flight  condition) 

ACM30TL  =  30  percent  loss  of  effectiveness  of  the  left  trailing  edge  -  ACM  Entry 
ACM50CL  =  50  percent  loss  of  effectiveness  of  the  left  canard  -  ACM  Entry 
ACMEXIT  =  ACM  Exit  flight  condition 
TFTA  =  TF /TA  flight  condition 

TFTA30TL  -  30  percent  loss  of  effectiveness  of  the  left  trailing  edge  -  TF  TA 
TFTA50CL  =  50  percent  loss  of  effectiveness  of  the  left  canard  -  TF  TA 


I 
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u{s)  =  G{»)-‘y(») 


(4.11) 


If  the  final  value  theorem  of  Equation  4.5, 


limsFfs)  =  lim  f{t) 

*-.0  '  '  t^oo  '  ' 

is  applied  to  Equation  4.11,  then 


u„  =  G(0)-‘y.. 


(4.12) 


Equation  4.12  provides  the  relationship  needed  to  evaluate  the  steady  state 
control  input,  U,,,  needed  to  obtain  a  given  steady  state  value  of  the  output,  Y,,. 
The  CRCA  plant  transfer  function  matrix  G(s)  is  of  the  form. 


GW  = 

and  evaluated  as  s  —  0. 


V 

0 

a 

r 

Vcn4d 

V,^d 

V'c-.i 

V 

0 

a 

r 

^cmd 

0emd 

0<md 

^emd 

V 

0 

a 

r 

acmd 

^zmd 

^emd 

V 

0 

a 

0 

r 

^emd 

^cfnd 

^cfnd 

0cfnd 

V 

0 

0 

r 

**cmd 

^cmd 

^  cfnd 

^  Cff^d 

(4.13) 


The  steady  state  transfer  function  and  its  inverse  for  the  nominal  flight  con¬ 
dition  are  listed  in  Table  4.2. 

Commanded  maneuvers  for  the  CRCA  aircraft  control  system  analysis  are  a 
45  degree  banked  coordinated  turn  and  2  degree  second  pitch  tracking.  Blakelock 
defines  a  coordinated  turn  as  a  command  that  produces  a  bank  angle  (d)  and  a 
yaw  rate  (r)  3  .  The  yaw’  rate  is  determined  from  the  relationship 


r 


(sf)  =  f  «n(4.)57.3 


(4.14) 
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Table  4.2.  Steady  State  Transfer  Functions  -  ACM  Entry 


G(0) 


G(0) 


" 

2.4SSSZ7+  2 

2.4333G+  2 

- 

2.1279/? 2 

-2.1279/?  + 2 

3.^83/?-  17 

5.6S14G-8  - 

5.6314Z)-  3 

2.2037/?  -  2 

-2.2037/? -2 

1.8004D-  03 

= 

- 

8.4389D-2  - 

8.4389l>-  2 

8.6413/?  -  2 

8.6413/?-  2 

-1.2683/?-  13 

3.979lD-^0  - 

S.9791D-1-  0 

3.9664/?  +  0 

-3.9664/?  +  0 

-3.1916/? +  00 

. 

1.4294Z)  -  1  - 

1.4294Z)  -  1 

1.4026/?  -  1 

-1.4026/?-  1 

-1.1439/?  -  01 

■  1.4075Z)-02 

4.2024I>  + 

1 

3.4660D  +  1 

-1.9137/?+  1 

5.3458/?+  2 

1.4075G  -  02 

-4.2024G  + 

1 

S.4660D  +  1 

1.9137/?+  1 

-5.3458/?+  2 

I  _ 

1.3745Z)-  02 

6.9626/?  + 

0 

3.9634/?+  1 

6.2206/?+  0 

-1.7345/?+  2 

1.3745D-02 

-6.9626D+  0 

3.9634D+  1 

-6.2206/?+  0 

1.7345D  +  2 

4.7110D-  12 

1.2209/? -r 

2 

1.1951/?  -  8 

-3.2569/?-^  1 

9.0186/?+  2 

Table  4.3.  r  Command  -  45°  Bank  Angle 


Flight  Condition 

Velocity 

///sec 

Gravity 

///sec* 

Yaw  Rate 
deg ! sec 

ACM  Entry 

895.0 

32.17 

1.457 

ACM  Exit 

263.0 

32.17 

4.956 

TF/TA 

1004.9 

32.17 

1.297 

where, 


g  =  the  gravitational  constant  (32.174/</sec^) 

V  =  the  forward  velocity  of  the  aircraft 

4>  =  the  desired  bank  angle  (45°  =  0.7854  radians) 

Table  4.3  gives  the  corresponding  yaw  rate  (r)  for  each  of  the  flight  conditions 
considered  in  this  thesis  when  the  bank  angle  (l>  is  equal  to  45  degrees. 


For  a  45  degree  coordinated  turn,  the  output  vector  l'„  has  the  form 


0.0000 

V 

0.0000 

n 

0.0000 

corresponding  to 

6 

0.7854 

4> 

0.0254 

r 

where  units  are  in  rad  and  rad! sec. 


(4.15) 


For  a  6  degree  6  pitch  angle  (2  deg/sec  for  3  seconds)  the  output  vector  Y,,  has 
the  form 


0.0000 

y 

0.0000 

0.1047 

corresponding  to 

d 

0.0000 

d> 

0.0000 

r 

where  units  are  in  rad  and  rad/ sec. 


(4.16) 


Therefore  the  coordinated  turn  maneuver  results  in  the  steady  state  control  input 
vector,  U,,,  having  the  form 


-1.4517 

<5ci 

1.4517 

kr 

0.4801 

corresponding  to 

-0.4801 

^ter 

-2.6726 

^Tud 

where  units  of  the  control  surface  deflections  are  in  deg. 


(4.17) 


For  the  6  degree  steady  state  pitch  angle  6  command,  U,,  has  the  form 


I 


■ 


I 


I 
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3.6296 

6ci 

3.6296 

6cr 

4.1505 

corresponding  to 

Siel 

4.1505 

0.0000 

^rxid 

where  units  are  in  deg. 


(4.18) 


All  steady  state  surface  deflections  are  well  within  the  position  limits  for 
the  nominal  flight  condition.  The  steady  state  control  surface  deflections  for  all 
the  flight  conditions,  including  failure  models,  for  the  coordinated  turn  and  pitch 
tracking  commands  are  listed  in  Table  4.4  and  Table  4.5  respectively. 


The  control  surface  deflection  limits  are  exceeded  for  these  commands  at 
ACM  Exit.  Therefore,  the  commands  must  be  reduced  to  stay  within  the  capability 
of  the  aircraft.  To  evaluate  the  controller  design  at  this  flight  condition,  2  degrees 
of  /3  is  commanded.  This  results  in  a  steady  state  U„  indicated  in  Table  4.6. 


4-3  Continuous  Controller  Design  Variables 

The  initial  selection  of  the  design  variables,  Ki,  K^,  g  and  M,  for  the  con¬ 
troller,  illustrated  by  Figure  3.2,  is  accomplished  by  following  the  theory  developed 
in  Chapter  3.  Since  the  matrix  product  C2B2  does  not  have  full  rank  (rank  de- 
flciency  is  2),  it  is  necessary  to  add  additional  measurements  and  include  minor 
loop  feedback.  The  first  step  is  to  select  the  meeisurement  matrix  M  with  as  few 
non  —  zero  elements  as  possible  so  the  matrix 

F2  =  [C2  +  MA12]  (4.19) 

has  full  rank  m.  Simultaneously  the  matrix  product  02^2"^  must  be  made  diagonal. 
This  selection  will  insure  optimum  decoupling  of  the  outputs  and  is  accomplished 
as  follows  (8|: 


10 
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Table  4.4.  Steady  State  Control  Inputs  -  45°  Banked  Turn 


Flight  Condition 

f>cl 

{deg) 

Scr 

{deg) 

Sul 

{deg) 

Ster 

{deg) 

^rud 

{deg) 

ACMENTRY 

-1.4570 

1.4570 

0.4801 

-0.4801 

-2.6726 

ACM30TL 

1.7181 

-1.7259 

0.0613 

-0.0455 

-2.8484 

ACM50CL 

0.8539 

1.6300 

1.1226 

0.7327 

-1.2311 

ACMEXIT 

72.8110 

18.2869 

82.2557 

114.0228 

61.1379 

TFTA 

-0.3664 

0.3664 

0.2181 

-0.2181 

-0.4313 

TFTA30TL 

-0.4190 

0.3684 

0.3435 

-0.2782 

-0.8498 

TFTA50CL 

-0.9488 

0.1031 

-0.1306 

-0.4729 

-0.6676 

where, 

ACMENTRY  =  ACM  Entry  (nominal  flight  condition) 

ACM30TL  =  30  percent  loss  of  effectiveness  of  the  left  trailing  edge  -  ACM  Entry 
ACM50CL  =  50  percent  loss  of  effectiveness  of  the  left  canard  -  ACM  Entry 
ACMEXIT  =  ACM  Exit  flight  condition 
TFTA  =  TF  TA  flight  condition 

TFTA30TL  =  30  percent  loss  of  effectiveness  of  the  left  trailing  edge  -  TF/TA 
TFTA50CL  =  50  percent  loss  of  effectiveness  of  the  left  canard  -  TF /TA 
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Table  4.5.  Steady  State  Control  Inputs  -  Ucmd 


Flight  Condition 


^ter 

{deg) 


ACMENTRY 

3.6296 

I  3.6296 

4.1505 

4.1505  j 

0.0000 

ACM30TL 

8.0894 

i  8.3053 

16.3492 

9.5822  ! 

0.0000 

ACM50CL 

-48.9174 

'  -10.9709 

-13.9138 

- 

18.0445 

-10.9709 

ACMEXIT 

-49.3560 

-43.2737 

-95.9565 

85.9518  ' 

-9.2166 

TFTA  , 

3.1148 

4.9591 

4.7778 

-0.2836 

TFTA30TL 

1 

1  2.3993 

3.5177 

-0.0040 

TFTA50CL 

6.6173 

1  3.3265  ! 

5.4041 

5.2893 

0.0179 

ACMENTRY  =  ACM  Entry  (nominal  night  condition) 

ACM30TL  =  30  percent  loss  of  effectiveness  of  the  left  trailing  edge  -  ACM  Entry 
ACM50CL  =  50  percent  loss  of  effectiveness  of  the  left  canard  -  ACM  Entry 
ACMEXIT  =  ACM  Exit  flight  condition 
TFTA  =  TF/TA  flight  condition 

TFTASOTL  =  30  percent  loss  of  effectiveness  of  the  left  trailing  edge  -  TF/TA 
TFTA50CL  =  50  percent  loss  of  effectiveness  of  the  left  canard  -  TF  TA 


Table  4.6.  Steady  State  Control  Inputs  -  2°  of 
Flight  Condition  6ci  ^cr  ^ter 


ACMEXIT 


^cl  ^CT  ^ter  I  ^Tud 

[deg)  (deg)  {deg)  {deg)  ‘  [deg] 

0.9441  -0.8708  1.6151  -1.4155  1.2347 


!• 


1.  Form  the  matrix 


B‘  = 


cjAflAu 


(4.20) 


A  tifn  A 

^12 

where  m  is  the  number  of  control  inputs,  cj  is  the  tth  row  of  Ci  and 
di  =  min  [j  :  cfA{iAi2  0,  j  =  0, 1, . . . ,  n  -  l] 


(4.21) 


Equation  4.21  specifies  that  di  is  the  smallest  value  of  j  for  which  cJ A{iAi2  ^  0. 
The  permissible  values  of  j  are  0, l,...,n  —  1.  If  all  the  values  of  j  result  in 
cf  Ai^Au  —  0,  then  use  di  =  n  —  1,  where  n  =  dimension  of  An. 


2.  Form  F2  =  C2  +  MAn  using  a  general  form  of  the  matrix  M  =  The 

elements  mij  appearing  in  F2  are  permitted  nonzero  values  only  if  B*  has  a  non 
zero  element  in  a  corresponding  position.  All  other  elements  of  M  are  set  equal  to 
zero. 


For  this  design,  Equation  4.20,  is  formed  using 


Cl 


All 

Si 


0  0 
0  0 
1  0 
0  1 
0  0 


C2 


1  .0349  000 
0  0  0  1  0 

0  0  0  0  0 

0  0  0  0  0 

0  0  0  0  0 


0  0 
0  0 


Ai2  — 


0  0  1  0  0  0 
0  0  0  0  1  0.0349 


0  0  0  0  0 
0  0  0  0  0 


(4.22) 


(4.23) 

(4.24) 
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B.  = 


.0411 

.0411 

.3206 

.3206 

.0000 

-.3163 

-.3163 

-2.5974 

-2.5974 

.0000 

.1014 

.1014 

-.0699 

-.0699 

.0000 

.0003 

-.0003 

-.0004 

.0004 

.0006 

.0762 

-.0762 

.5339 

-.5339 

.1144 

.0486 

-.0486 

.0071 

-.0071 

-.0544 

(4.25) 


Since  An  =  0,  Equation  4.20  yields  the  values  di  =  ^2  =  da  =  =  ds  =  0.  Then 

B*  is  formed  ^ 

0  0  0  0  0  0 

0  0  0  0  0  0 

B‘=lo0100  0 


(4.26) 


0  0  0  0  1  0.0349 
0  0  0  0  0  0 

The  matrix  in  Equation  4.19  has  a  dimension  5x6.  Since  the  dimension  of  An 
is  2  X  6,  the  necessary  dimension  of  M  is  5  x  2.  Using  M  of  the  form 


M  = 


mil  mi2 
m2i  m22 

mai  m32 
m4i  m42 
msi  m52 


(4.27) 


of  Equation  4.19  is 

L 

J 

1 

0.0349 

mil 

0 

mi2 

0.0349mi2 

0 

0 

m2i 

1 

17122 

0.0349m22 

F2  = 

0 

0 

"»31 

0 

17132 

0.0349m32 

0 

0 

m4i 

0 

17142 

0.0349m42 

0 

0 

0 

m32 

1.0349m52 

(4.28) 


The  assignable  elements  of  F2  are  permitted  nonzero  values  only  if  B*  has  a  nonzero 
element  in  the  same  position.  Thus,  it  is  required  that  m\\  =  mi2  =  m2i  =  77x22  = 
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77132  =  rriii  =  TTisi  =  77152  =  0.  The  matrix  must  be  diagonal,  but  since  F2  i 

dimensioned  5x6,  the  pseudo  inverse  of  the  matrix  product  is  used. 


IS 


1  0  0  0  0 
0  10  0  0 
0  0  0  0  0 
0  0  0  0  0 
0  0  0  0  1 


(4.29) 


The  matrix  M  elements  77131  and  77142  do  not  appear  in  Equation  4.29  and  must  be 
assigned  during  the  design  process.  The  resulting  matrices  from  Equation  3.11  are 


Fx  = 


0 

0 

1 

0.0349 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

1 

0 

F2  = 

0 

0 

mzx 

0 

0 

0 

0 

1 

0 

0 

0 

0 

77742 

0.034977742 

0 

0 

0 

0 

0 

0 

0 

1 

(4.30) 


F2B2  = 


.0301 

.0201 

.2299 

.2299  .0000 

.0003 

-.0003 

-.0004 

.0004  .0000 

.101477131 

101477731 

—  .069977731 

-.069977731  .0000 

(4.31) 

1.001777742  —1.001777742 

—  1.000377742 

-1.000377742  .998177742 

.0486 

-.0486 

.0071 

-.0044  -.0544 

Rank  F2B2 

=  777  for  positive  77731 

3.ncl  ^42 

The  slow  eigenvalue  set,  determined  from  Equation  3.23  is 
Eigenvalues, loM,  ~  |A/„_p  -  [Ah  +  =  0 


(4.32) 


and  results  in  two  transmission  zeros,  Si  =  -1/77131  and  S2  =  - 1/77742.  A  stable 
system  is  insured  for  positive  values  of  77131  and  77742.  For  the  design  in  this  thesis, 
the  value  of  77731  =  0.4  and  77742  —  0-2  insured  adequate  gain  and  phase  margin  in 
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the  open-loop  system  for  the  6  vs  6cmd  and  <i>  vs  <i>cmd  respectively.  As  a  final  check 
of  the  location  of  all  the  system  transmission  zeros,  Equation  4.3  is  formed  for  the 
composite  system  with  the  F  matrix  replacing  the  C: 


2(s) 


si  -  A  -B 
F  D 


(4.33) 


where  F  =  [Fj  Fj].  For  the  ACM  Entry  flight  condition,  the  system  transmis¬ 
sion  zeros  now  lie  at  -2.5,-5.0,  and  -1.6844,  confirming  the  proper  selection  of  the 
measurement  matrix. 


Recall  that  Equation  3.26  and  Equation  3.27  give  the  relationship  for  Ki  and 

Ki  as 


Oi  ••• 

0  ••• 

XKi 

The  complete  system  of  Figure  3.2  is  simulated  using  MATRIXx  with  initial  val¬ 
ues  of  E  =  diagiCi  . .  .05}  for  Equation  3.26,  A  for  Equation  3.27,  g,  and  nominal 
initial  values  for  m^i  and  77142-  Through  a  trial  and  error  process,  appropriate 
values  of  these  parameters  are  selected  to  yield  an  acceptable  response.  However, 
the  selection  of  the  design  parameters  is  not  completely  arbitrary.  Initially,  the 
E  weighting  matrix  is  chosen  as  the  identity  matrix.  If  the  system  response  is 
unstable,  reducing  the  gain  g  is  usually  sufficient  to  get  a  stable  response.  Once  a 
stable  response  is  obtained,  each  weighting  element  of  the  E  matrix  is  adjusted  to 
fine  tune  the  desired  tracking  output.  For  instance,  Oi  adjustments  primarily  affect 
the  first  output  chosen  in  the  C  matrix,  or  the  velocity  output.  The  (T2  weighting 


0 


<?5 


and 


Ki  =  (FM 


-1 


K2  = 
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Table  4.7.  Continuous  Time  System  Design  Parameters  -  ACMENTRY 


Flight  Condition 

02 

04 

<75 

A 

9 

mai 

17142 

ACMENTRY 

2 

0.01 

0.3 

2 

4 

0.1 

5 

0.40 

0.20 

Table  4.8.  Continuous  Gain  Matrices  -  ACMENTRY 


■  2.7500 

5.3158 

33.9250 

3.1158 

26.0293 

2.7500 

-5.3158 

33.9250 

-3.1158 

-26.0293 

3.9893 

-1.7279 

-4.4350 

8.0975 

-0.9249 

3.9893 

1.7279 

-4.4350 

-8.0975 

0.9249 

0.0000 

9.0470 

0.0000 

7.6808 

-27.2626 

■  0.2750 

0.5316 

3.3925 

0.3116 

2.6029 

0.2750 

-0.5316 

3.3925 

-0.3116 

-2.6029 

= 

0.3989 

-0.1728 

-0.4435 

0.8097 

-0.0925 

0.3989 

0.1728 

-0.4435 

-0.8097 

0.0925 

0.0000 

0.9047 

0.0000 

0.7681 

-2.7263 

element  shapes  the  response  of  the  second  output  or  the  /?  output,  and  so  forth. 
Increasing  the  value  of  a,  increases  the  damping  of  the  response,  increasing  the 
value  of  A  tends  to  reduce  the  time  to  reach  steady  state  output  values,  increas¬ 
ing  the  measurement  matrix  values  increases  the  damping  for  their  corresponding 
output,  and  increasing  g  typically  speeds  up  the  response  and  increases  control 
surface  deflection  and  rates.  The  continuous  time  design  parameters  for  the  ACM 
Entry  flight  condition  are  listed  in  Table  4.7  and  the  corresponding  gain  matrices 
Ki  and  K2  are  listed  in  Table  4.8. 

The  final  selection  of  the  design  parameters  includes  adjustment  to  yield  an 
adequate  phase  and  gain  margin  for  the  desired  system.  Although  determining 
gain  and  phase  margins  is  more  difficult  for  MIMO  systems,  and  often  can  give 
misleading  results  due  to  coupling  in  the  output  responses,  useful  information  is 
nevertheless  obtained  from  the  frequency  domain  analysis.  For  statically  unstable 
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aircraft,  the  military  specification  MIL-F-9490D,  specifies  the  gain  margin  to  be 
±  6.0  dB  and  the  phase  margin  to  be  ±  45  degrees.  For  these  types  of  aircraft 
the  system  will  have  a  low  and  high  frequency  gain  margin.  At  the  low  frequency 
crossover  frequency  of  -180  degrees  the  gain  margin  should  be  smaller  than  -6.0 
dB.  At  the  high  frequency  crossover  of  -180  degrees  the  gain  margin  should  be 
greater  than  -1-6.0  dB.  Since  the  CRCA  is  a  statically  unstable  aircraft,  this  unique 
characteristic  of  the  gain  and  phase  margins  surfaces  in  the  6  vs  Ocmd  output  in  the 
ACM  Entry  flight  condition.  Figure  4.1  through  Figure  4.10  represent  the  Nichols 
plots  for  the  compensated  system  with  final  design  parameters.  These  plots  are 
extremely  useful  and  quickly  illustrate  the  gain  and  phase  margins.  Figure  4.5 
shows  the  characteristic  described  in  MIL-F-9490D  for  the  nominal  flight  condition. 


PHASE  IN  OCGREES 


Figure  4.1.  Continuous  Time  Nichols  Plot  -  V  vs  V, 


-Otil  .01  .1  1  10  100  10O0 

OMEGA 


Figure  4.2.  Continuous  Time  Open-Loop  Bode  Plot  -  V  vs  V^y, 


PHASE  IN  OCGReeS 


OHEBG 


Figure  4.6.  Continuous  Time  Open-Loop  Bode  Plot  6  vs  6rmd 


IN  DCSRCES 


Figure  4.8.  Continuous  Time  Open-Loop  Bode  Plot  (f>  vs  4>cmd 


Figure  4.9.  Continuous  Time  Nichols  Plot  -  r  vs  Tcmd 


Oft  GO 


Figure  4.10.  Continuous  Time  Open-Loop  Bode  Plot  -  r  vs  Vcmd 


The  gain  and  phase  margins  for  ACM  Entry  and  TF  <  TA  are  illustrated  in 
Table  4.9. 

4-3.1  Asymptotic  Transfer  Function  When  the  complete  system  has  been 
simulated  and  the  final  design  variables  selected,  the  asymptotic  transfer  functions 
of  Equation  3.23  and  Equation  3.24  are  determined.  The  slow  transfer  function  is 
expressed  zis 


r,(A)  =  [C,~C2F{^Fi][XI,-An  +  AnF,-^F:-'AnF{^ 


r,(A)  = 


r.(A)  = 


0  0 
0  0 
1  0 
0  1 
0  0 

0  0 
0  0 
0  0 
0  0 
0  0 


A  ^  2.5 

0 

-1 

0 

0 

2.5 

0 

0 

0 

A  ^  5 

0 

0 

0 

5 

0 

0 

0 

2.5 

>*2.5 

0 

0 


0 

0 

0 

5.0 

>*5.0 

0 


0 

0 

0 

0 

0 


(4.34) 


and  contains  only  the  transmission  zeros. 

The  fast  transfer  function,  Equation  3.24,  is  expressed  as 


(4.35) 


r/(A)  =  C2F;'  \I„.,  -  gF.B.Ki  'gF.B^Ki 
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Table  4.9.  Gain  and  Phase  Margins  -  Continuous  Time  System 


4* 


r/(A) 


1 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

A  -  .05 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

A  +  15 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

A  ^  10 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

A  +  20 

10  0  0  0  0 

0  .05  0  0  0 

0  0  15  0  0 

0  0  0  10  0 

0  0  0  0  20 


10 

A  +  IO 
0 

0 

0 

0 


0 

.05 

A.r.05 

0 

0 

0 


0  0 
0  0 
0  0 
0  0 
0  0 


0 

0 

0 

0 

20 

A  +  20 


(4.36) 


The  asymptotic  transfer  functions  for  all  the  flight  conditions  containing  the 
same  weighting  matrix  E.  measurement  matrix  M  and  gain  g  of  Figure  4.7.  are 
the  same.  Table  4.10  lists  the  values  for  the  ACM  Exit  flight  condition. 


4-4  Discrete  Controller  Design  Variables 


The  design  methodology  for  the  discrete  PI  controller  parallels  the  continuous 
system  development.  That  is,  the  controller  gain  matrices  K\  and  K2  are  described 
by  Equations  3.26  and  3.27 


Kx 


0 


0 


Oh 
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Table  4.10.  Asymptotic  Transfer  Function  -  ACMEXIT 


r.(A)  = 


r/(A)  = 


0  0 

0 

0 

0  0 

0 

0 

0  0 

4.0 

A+4.0 

0 

0  0 

0 

4.0 

a+4.0 

0  0 

0 

0 

5 

A+5 

0 

0 

0 

0 

1 

A+  1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

However,  the  discrete  PI  controller  of  Figure  3.3  incorporates  a  fixed  gain  of  1/T 
in  the  forward  loop  instead  of  the  variable  gain  “g”  indicated  in  Figure  3.2.  Often 
an  acceptable  response  is  obtained  by  reducing  or  increasing  each  E  weighting 
element  an  amount  proportional  to  the  difference  between  “g”  in  the  continuous 
controller  and  the  sampling  frequency  1/T  gain  factor  in  the  discrete  controller. 
The  discrete  PI  controller  in  this  thesis  uses  a  sampling  time  of  40  Hz  or  a  period 
of  0.025  seconds.  The  initial  values  of  the  E  weighting  matrix  were  the  continuous 
time  design  variables  of  Table  4.7  reduced  by  1/8  to  compensate  for  the  increase 
in  overall  system  gain,  The  adjustments  of  the  weighting  matrix  elements 

of  E  follow  the  same  guidelines  developed  in  the  previous  section.  Fine  tuning  of 
the  response  results  in  the  weighting  matrix  and  design  parameters  of  Table  4.11. 

The  discrete  PI  controller  gain  matrices  for  the  ACM  Entry  fiight  condition 
are  listed  in  Table  4.12.  The  open-loop  discrete  frequency  characteristics  of  the 
system  are  analyzed  using  functions  resident  in  MATRIX^  [15].  The  discrete 
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Table  4.11.  Discrete  Time  System  Design  Parameters  -  ACMENTRY 


!  Flight  Condition 

! 

<72  1 

- ! - 1 

1  i 

1 

A  mai 

m42 

ACMENTRY 

0.2 

0.005  !  0.5  0.3 

i  0.5  1  0.005  ;  0.40  i  0.20  I 

Table  4.12.  Discrete  Gain  Matrices  -  ACMENTRY 


'  2.7500D  -  1 
2.7500D  -  1 
3.9893D  -  1 
3.9893D  -  1 
O.OOOOD  -  0 

■  1.3750D-  3 
1.3750D  -  3 
1.9946D-  3 
1.9946D  -  3 
_  O.OOOOD  -  0 


2.6579D  *  0 
-2.6579D  +  0 
-8.6397D  -  1 
8.6397D  -  1 
4.5235D  +  0 

1.3289D  -  2 
-1.3289D-  2 
-4.3199D  -  3 
4.3199D  -  3 
2.2617D  -  2 


5.6542D  0 

5.6542D  -  0 
-7.3916D  -  1 
-7.3916D  -  1 
O.OOOOD  T  0 

2.8271D-  2 
2.8271D  -  2 
-3.6958D  -  3 
-3.6958Z)  -  3 
O.OOOOD  -  1 


4.6737D  -  1 
-4.6737D  -  1 
1,2146D  -  0 
-1.2146D  *  0 
1.1521D  -  0 

2.3368D  -  3 
-2.3368D  -  3 
6.0731D  -  3 
-6.0731D  -  3 
5.7606D  —  3 


3.2537L)  -  0  ■ 
-3.2537D  -  0 
-  1.1562D  -  1 
1.1562D  -  1 
-3.4078D-  1 

1.62S8D  -  2  ■ 
-1.6268D  -  2 
-5.7808D  -  4 
5.7808D  -  4 
-1.7039D  -  2 


system  that  is  equivalent  to  a  continuous-time  system  with  a  zero-order  hold  and 
sampler  is  transformed  into  the  w'  plane  using  a  software  routine  developed  by 
Hofmann  [10].  The  w'  prime  plant  has  the  desirable  property  that  u)'  — >  s  as 
T  — >  0  is  achieved  [llj.  This  w'  plane  property  establishes  the  bzisis  for  defining 
a  quantity  in  the  w'  plane  which  is  analogous  to  a  quantity  in  the  s  domain  [11, 
217].  The  transformation  from  the  z  to  tu'  plane  is  as  follows; 


Tw'  -f  2 


z  = 


(4.37) 


-Tw'  +  2 

Figure  4.11  through  Figure  4.20  show  the  characteristics  of  the  discrete  system  for 
ACM  Entry  and  Table  4.13  summarizes  the  gain  and  phase  margins  for  the  discrete 
system.  Comparison  with  Table  4.9  shows  the  discrete  PI  controller  possessing  the 
desirable  characteristics  of  good  gain  and  phase  margin. 


PHASE  IN  OCGREES 


Figure  4.11.  Discrete  Time  Nichols  Plot  -  V  vs  Ve 
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Figure  4.12.  Discrete  Time  Open-Loop  Bode  Plot  -  V' 
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Figure  4.18.  Discrete  Time  Open-Loop  Bode  Plot  <j>  vs  (pcmd 


The  gain  and  phase  margins  for  ACM  Entry  and  TF/TA  are  illustrated  in 
Table  4.13.  In  all  the  cases  where  a  low  frequency  gain  margin  is  indicated,  the 
frequency  of  occurence  is  0.01  rad/sec. 

4-5  Discrete  Controller  Design  Variables  Using  Step-Response  Matrices 

The  discrete  PI  controller  implementation  using  the  step-response  matrices 
of  Equation  3.28 

H{T)  =  r  Cexp{At)Bdt 
Jo 

to  calculate  the  gain  matrices  Ki  and  K2  of  Equation  3.31  and  Equation  3.32, 

Ki  =  H{Tf[H{T)H{Tf]-^i: 

K2  =  G(0)^[G(0)G(0)^]-'n 

E  =  diagonal  weighting  matrix  [<7i, . . .  (72] 
n  =  diagonal  weighting  matrix  [tti,  ...  7r,„| 

uses  the  same  configuration  of  Figure  3.3.  However,  due  to  the  small  sampling 
period  approximation  of  H(T)  »;  T[CB],  the  1/T  gain  factor  in  the  forward  loop  is 
incorporated  into  Ki  and  Kj-  H(T)  and  G{0)  are  calculated  using  Equation  3.35 
and  Equation  3.36  from  the  coefficients  of  the  ARMA  difference  equation, 

H[T)  = 

G(0)  =  (f(5i5)  +  -^1  +  -^2)  ^{B\  +  B2) 

for  the  autoregressive  moving  average  (ARMA)  representation  of  the  plant.  Ap¬ 
pendix  B  gives  a  procedure  to  calculate  the  ARMA  model  based  on  constructabil¬ 
ity  invariants.  Selecting  suitable  weighting  matrices  E  and  11  is  an  important  step 
prior  to  implementing  the  adaptive  PI  controller  of  Chapter  6.  The  step-response 
design  variables  for  the  ACM  Entry  flight  condition  are  listed  in  Table  4.14.  The 
step-response  PI  controller  gain  matrices  for  the  ACM  Entry  flight  condition  are 
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Table  4.13.  Gain  and  Phase  Margins  -  Discrete  Time  System 


ACM  Entry 


Transfer 

Function 

Gain  Margin 
(dB) 

Gain 

Margin 

uic  (rad/>ec) 

Phase 

Margin 

(deg) 

Phase 

Margin 

(rad/sec) 

Low 

High 

V 

(3) 

20.26 

40.37 

60.13 

7.56 

0 

(3) 

66.00 

81.13 

161.61 

2.50 

6 

-8.76 

23.21 

40.37 

48.16 

6.58 

<i> 

(3) 

14.71 

35.11 

41.00 

11.48 

r 

(3) 

22.16 

40.37 

68.00 
_ 1 

7.56 

TF/TA 


Transfer 

Function 

Gain  Margin 
(dB) 

Gain 

Margin 

u<  (rad/iec) 

Phase 

Margin 

(deg) 

Phase 

Margin 

(rad/tec) 

Low 

High 

V 

-64.55 

20.30 

40.37 

56.46 

6.57 

0 

(3) 

17.30 

.03 

(1) 

(1) 

-30.31 

25.00 

40.37 

100.28 

5.72 

(3) 

16.75 

40.37 

54.07 

11.49 

r 

(3) 

12.26 

40.37 

_ J 

47.36 

17.47 

(1)  =  Response  is  always  less  than  0  dB 

(2)  =  No  high  frequency  gain  margin  (gain  margin  >  10  dB)  because  high  frequency 

plot  is  asymptotic  to  -180  degrees 

(3)  =  No  low  frequency  gain  margin  (phase  >  -180  degrees) 


Table  4.14.  Discrete  Time  System  Design  Parameters  (Step- Response  Matrix) 


Flight  Condition 

02 

1  03 

1  <^4 

TTi  -  TTs 

mai 

m42 

ACMENTRY 

1 

1  0.0015 

1  0.02 

i  0.04 

1  0.6 

0.04  1 

0.40 

0.20 
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Table  4.15.  Discrete  Gain  Matrices  -  ACMENTRY  -  (Step- Response  Matrix) 


Ki 


5.4705D  +  0 
5.4705D  +  0 
7.9174Z?-hO 
7.9174D  +  0 
O.OOOOD  +  0 


3.1920D-I-  1 
-3.1920D+  1 
-1.0367Z?+  1 
1.0367D-I-  1 
5.4361D+  1 


2.9162D4-  2 
2.9162D  -h  2 
-3.69012?+  1 
-3.69012?+  1 
Q.OOOOD  +  0 


1.0949D  +  1 
-1.0949D  +  1 
1.15112?+  1 
-1.15112?  +  2 
4.8890D  +  1 


3.1691D  +  2 
-3.1691D  +  2 
-5.76252?  +  1 
5.76252?  +  1 
1.07602? +2 


^2 


5.6301D  -  4 
5.6301D  -  4 
5.4982D  -  4 
5.49822?  -  4 
O.OOOOD  -  0 


1.6810D  +  0 
-1.6810D  +  0 
2.78512?  -  1 
-2.78512?-  1 
4.8837D  +  0 


1.3864D  +  0 
1.3864D  +  0 
1.58542?  +  0 
1.58542?  +  0 
0.00002?  +  0 


-7.6547D  -  1 
7.6547D  -  1 
2.4882D  -  1 
-2.48822?  -  1 
- 1.30282? +  0 


2.1383D  +  1 
-2.13832?  +  1 
-6.9378D  +  0 
6.93782)  +  0 
-3.6074D+  1 


m 


listed  in  Table  4.15.  The  open-loop  discrete  frequency  characteristics  of  the  system 
have  been  analyzed  using  functions  resident  in  MATRIXx  and  indicate  similar  gain 
and  phase  margins  as  the  discrete  case  alone.  Table  4.16  summarizes  the  gain  and 
phase  margins  applicable  to  the  gain  calculations  using  the  step-response  matrix 
method.  The  low  frequency  gain  margin  for  the  occurs  at  1.32  rad/sec. 

“cmd  ' 

4-6  Summary 

This  chapter  presents  the  process  by  which  the  PI  control  law  is  implemented 
for  the  CRCA.  Investigation  of  the  system’s  controllability,  observability,  trans¬ 
mission  zeros  and  open-loop  eigenvalues  reveal  essential  information  that  is  needed 
prior  to  system  simulation.  The  plant  must  be  controllable  and  observable  to  im¬ 
plement  this  type  of  controller  and  the  system  transmission  zeros  should  lie  in  the 
left  half  S-plane  to  insure  a  completely  stable  system.  Static  instability  of  the  sys¬ 
tem  is  indicated  from  the  open-loop  eigenvalues  of  the  system.  Consequently,  the 
characteristics  of  low  and  high  frequency  gain  margins  must  be  considered  when 
controller  parameters  are  adjusted  for  the  desired  output  response.  Examining 
the  control  surface  deflection  values  needed  to  sustain  the  desired  output  provides 


4-37 


Table  4.16.  Gain  and  Phase  Margins  -  Step-Response  Matrix  System 


ACM  Entry 


Transfer 

Gain  Margin 

Gain 

Phase 

Phase 

Function 

(dB) 

Margin 

Margin 

Margin 

Low 

High 

wc  (rad/iec) 

(deg) 

(rad/»ec) 

-  -  V'  ■  ■ 

(3) 

26.35 

40.37 

72.22 

3.76 

3 

(3) 

19.82 

1.07 

87.95 

.04 

e 

-9.48 

22.61 

40.37 

48.18 

4.98 

<t> 

(3) 

14.62 

35.11 

41.40 

10.00 

T 

(3) 

35.18 

40.37 

87.51 

2.85 

TF/TA 

Transfer 

Gain  Margin 

Gain 

Phase 

Phase 

Function 

(dB) 

Margin 

Margin 

Margin 

.  . 

Low  ; 

High 

wc  (rad/tec) 

(deg) 

(rad  tec) 

V 

(3)  1 

26.33 

40.37 

87.51 

2.85 

3 

(3)  1 

62.72 

40.37 

89.96 

.04 

0 

(3)  ; 

25.54 

40.37 

113.28 

4.97 

4> 

(3)  i 

11.83 

40.37 

43.92 

15.92 

r 

(3)  ' 

18.02 

40.37 

63.28 

10.00 

(1)  =  Response  is  always  less  than  0  dB 

(2)  =  No  high  frequency  gain  margin  (gain  margin  >  10  dB)  because  high  frequency 

plot  is  asymptotic  to  -180  degrees 

(3)  =  No  low  frequency  gain  margin  (phase  >  -180  degrees) 


insight  into  plant  limitations  prior  to  controller  design.  The  selection  of  PI  con¬ 
troller  gains  is  aided  by  using  the  frequency  domain  design  techniques  and  analysis 
of  Nichols  and  Bode  plots.  The  simulation  results  for  the  design  parameters  se¬ 
lected  are  presented  in  Chapter  5. 
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V.  Simulation  Results 


5.1  Introduction 

This  chapter  presents  a  listing  of  the  design  parameters  and  final  gains  Ki  and 
K2  for  all  flight  conditions,  including  surface  failures,  and  a  sample  of  time  response 
graphs  used  to  evaluate  the  selection  of  the  final  controller  gains  for  the  ACM  Entry 
flight  condition.  The  selection  of  the  PI  controller  design  parameters  is  based  on 
many  hundreds  of  simulations  with  MATRIX*  jl5].  The  System  Build  capability 
within  MATRIX*  allows  the  controller  and  plant  to  be  symbolized  by  the  familiar 
block  diagram  representation  of  Figures  3.2  and  3.3.  Furthermore,  the  designer  can 
easy  modify  individual  blocks  during  the  simulation  as  adjustments  are  made.  The 
MATRIX*  graphs  presented  are  organized  to  show  the  minimal  cross  coupling  that 
exists  between  the  five  input  commands  and  the  five  outputs,  a  highly  desirable 
feature  of  the  design  technique.  Two  basic  types  of  input  commands  are  evaluated. 
The  first  is  a  ramped  step  input  command  and  the  other  is  a  model  following  input 
designed  to  provide  a  third  order  response  for  the  coordinated  turn  and  pitch 
tracking  tasks.  The  control  surface  deflections,  rates,  and  state  variable  outputs 
for  ACM  Entry  are  contained  in  Appendix  C.  The  responses  for  the  remaining 
cases,  Table  4.1,  are  available  under  separate  cover.  However,  the  PI  controller 
gains  Ki  and  K2  for  all  cases  are  included. 

5.2  Controller  Design  Variables 

Ultimately,  the  multivariable  control  engineer  seeks  to  find  a  set  of  PI  con¬ 
troller  gains,  Ki  and  if 2,  that  work  satisfactorily  over  the  entire  flight  envelope. 
Because  of  altitude,  speed,  and  aircraft  changes,  the  universal  gain  concept  cannot 
provide  good  responses  at  all  set  points.  However,  gain  calculations  made  at  a  high 
q  condition  (high  dynamic  pressure)  often  work  at  many  other  points  in  the  flight 
envelope.  In  this  research  effort,  the  PI  control  law  gains  calculated  at  the  TF /TA 
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Table  5.1.  Stability  Analysis  Using  TF/TA  PI  Controller  Gains 


Flight 

Condition 

Stable  With 
Universal  Gain 

Requires  Gain 
Change 

ACMENTRY 

X 

ACM30TL 

X 

ACM50CL 

X 

ACMEXIT 

X 

TFTA 

X 

TFTA30TL 

X 

TFTA50CL 

X 

where, 


ACMENTRY  =  ACM  Entry{nominal  flight  condition) 

ACM30TL  =  30  percent  loss  of  effectiveness  of  the  left  trailing  edge  -  ACM  Entry 
ACM50CL  =  50  percent  loss  of  effectiveness  of  the  left  canard  -  ACM  Entry 
ACMEXIT  =  ACM  Exit  flight  condition 
TFTA  =  TF/TA  flight  condition 

TFTA30TL  =  30  percent  loss  of  effectiveness  of  the  left  trailing  edge  -TF /TA 
TFTA50CL  =  50  percent  loss  of  effectiveness  of  the  left  canard  -  TF/TA 


flight  condition  provide  stable  responses  for  70  percent  of  the  cases  considered. 
Table  5.1  displays  those  flight  conditions.  For  the  fixed  gain  PI  controller,  the  final 
selection  of  the  controller  design  parameters  are  made  in  a  effort  to  find  weight¬ 
ing  matrices,  E  and  IT,  proportionality  constant  A,  and  measurement  matrix  M, 
that  work  well  at  all  set  points  selected.  This  design  philosophy  allows  simplified 
gain  calculating  and  scheduling  by  minimizing  the  storage  of  controller  variables. 
Table  5.2,  Table  5.10,  and  Table  5.18,  tabulate  the  design  parameter  selections  for 
the  continuous,  discrete,  and  step-response  matrix  methods,  respectively.  The  con¬ 
tinuous  time  controller  gains,  Ki  and  K2  are  also  listed,  beginning  with  Table  5.3. 
Table  5.11  and  5.19  begin  the  gain  presentations  for  the  two  discrete  controller 
designs. 
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Table  5.2.  Continuous  Time  System  Design  Parameters 


Flight  Condition  Oi 

02 

g3 

04 

Os 

A 

g 

mai 

m«i 

ACMENTRY 

i  2.0 

^.01 

3.0 

2.0 

~4xr 

0.1 

5.0 

0.40 

0.20 

ACM30TL 

2.0 

0.01 

3.0 

2.0 

4.0 

0.1 

5.0 

0.40 

0.20 

ACM50CL 

2.0 

0.01 

3.0 

2.0 

4.0 

0.1 

5.0 

0.40 

0.20 

ACMEXIT 

1.0 

0.20  1 

1.1 

2.0 

0.8 

0.1 

5.0 

0.25 

0.25 

TFTA 

:  2.0 

0.01  ■ 

1.1 

2.0 

4.0 

0.1 

5.0 

0.40 

0.20 

TFTA30TL 

2.0 

0.01  , 

1.1 

2,0 

4.0 

0.1 

5.0 

0.40 

0.20 

TFTA50CL 

1  2.0 

0.01  1 

1.1 

2.0 

4.0 

0.1 

5.0 

0.40 

0.20 

Table  5.3.  Continuous  PI  Controller  Gain  Matrices  -  ACMEXTRY 


■  2.7500D-0 

5.31580^0 

3.39250  -  1 

3.11580  -  0 

2.60290  -  1  ■ 

2.7500D^0 

5.31580 0 

3.39250-  1 

-3.11580-0 

-2.60290-  1 

3.9893D  -  0 

- 1.72790 -*-0 

-4.43500-0 

8.09750  -  0 

-9.24920  -  1 

3.9893D  -  0 

1.72790  -0 

-4.43500  -  0 

-8.09750-0 

9.24920  -  1 

0.00000  *  0 

9.04700  ^  0 

0.00000  -  0 

7.68080  -  0 

-2.72630-  1 

2.75000  -  1 

5.31580  -  1 

3.39250  -  0 

3.1158  0  -  1 

2.60290  -  0  ■ 

2.75000  -  1 

5.31580-  I 

3.39250-0 

-3.11580  -  1 

-2.60290  -  0 

- 

3.98930  -  1 

-1.72790  -  1 

-4.43500  -  1 

8.09750  -  1 

-9.24920  -  2 

3.98930  -  1 

1.72790  -  1 

-4.43500  -  1 

-8.09750  -  1 

9.24920  -  2 

0.00000  -  1 

9.04700  -  1 

0.00000  -  1 

7.68080  -  1 

-2.72630  -  0 

Table  5.4.  Continuous  PI  Controller  Gain  Matrices  -  ACM30TL 


■  3.31610- 

0 

-5.60010  - 

0 

3.17190-  1 

-2.63720  - 

0 

4.29810  - 

1 

3.4104  0- 

0 

5.63340  - 

0 

3.23080  -  1 

1.38100  - 

0 

4.21500  - 

1 

8.42790- 

0 

-3.93330  - 

1 

-  1.20500-  1 

1.48170  - 

1 

9.79840  - 

0 

4.93560  - 

0 

2.83020  - 

1 

-6.88690  -  0 

-1.06610  - 

1 

7.05020  - 

0 

0.00000  - 

0 

1,00000  - 

1 

0.00000  -  0 

0,00000  - 

0 

0.00000  - 

0 

■  3.31610  - 

1 

-  5.60010  - 

1 

3.17190  -  0 

-  2.63720  - 

1 

4.29810- 

0 

3.4104  0  - 

1 

5.63340  - 

1 

3.23080  -  0 

1.38100  - 

1 

-4.21500  - 

0 

8.42790  - 

1 

-3.93330  - 

2 

-1.20500  -  0 

1.48170  - 

0 

-9.7984  0  - 

1 

4.93560  - 

1 

2.83020  - 

2 

-6.88690  -  1 

-1.06610  - 

0 

7.05020  - 

1 

0.00000  - 

0 

1.00000  - 

0 

0.00000  -  0 

0.00000  - 

0 

0.00000- 

0 
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Table  5.5.  Continuous  PI  Controller  Gain  Matrices  -  ACM50CL 


-1.4384D  +  0  7.2554D-r  1 

-1.3641D-0  -7.4061D-1 
Ki  =  -4.0262D-  0  -5.7876£>-^l 

-3.6355D-0  6.0078D-1 

-1.6292D  -  1  1.5496D-2 

-1.4384D-  1  7.2554D-0 

-1.3641L>-  1  -7.4061D-^0 

K2  =  -4.0262Z?-!  -5.7876£>-^0 

-3.6355D-  1  6.0078D-0 

-1.6292D-  2  1.5496D-^1 


1.0439D*  2  1.5985D-I  1.1507D-1 

9.8991D-1  -1.6317D-  1  -1.1746D-1 

-8.7124Z?-!  5.2047£>-l  1.2687/?^  0 

-1.1548D-  2  -5.1562D-  1  -9.1953Z?-! 

1.1823D*!  2.1180D-  1  -3.9052D  -  1 

1.0439D*!  1.5985D-  0  1.1507Z?*0' 

9.8991D-^0  -1.6317D-  0  -1.1746D-0 
-8.7124£>-^0  5.2047£>^  0  1.2687D-1 

-1.1548D*!  -5.1562Z)*  0  -9.1953D-2 

1.1823D-  0  2.1180D-  0  -3.9052D-0 
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Table  5.7.  Continuous  PI  Controller  Gain  Matrices  -  TFTA 


1.3716D-^0 

1.6720D  +  0 

2.29&9D  +  1 

5.8038D  -  1 

7.1864/? +  0  ■ 

-1.5494D  +  0 

-1.6720D  +  0 

2.3932D  +  1 

-5.8038/?  -  1 

-7.1864/? +  0 

2.7067D-H0 

-9.3130D  -  1 

1.4363D+  1 

4. 6092  D  +  0 

7.4561D  -  2 

2. 6077  D  +  0 

9.3130D-  1 

1.3837/?+  1 

-4.6092D  +  0 

-7.4561D  -  2 

-1.5477D  -  1 

2.9123D  +  0 

-8.2127D  -  1 

1.2747D-t-  0 

-9.5488/? +  0 

1.3716D  -  1 

1.6720D-  1 

2.2989/?  +  0 

5.8038D  -  2 

7.1864/?  -  1  ■ 

-1.5494D  -  1 

-1.6720D  -  1 

2.3932/?  +  0 

-5.8038D  -  2 

-7.1864/?-  1 

2.7067Z?  -  1 

-9.3130D  -  2 

1.4363/?  +  0 

4. 6092 D  -  1 

7.4561D  -  3 

2. 6077 D  -  1 

9.3130Z7  -  2 

1.3837/? +  0 

-4.6092D-  1 

-7.4561Z?  -  3 

-1.5477D  -  2 

2.9123D  -  1 

-8.2127/?-  2 

1.2747D  -  1 

-9.5488/?  -  1 

Table  5.8.  Continuous  PI  Controller  Gain  Matrices  -  TFTA30TL 


1.2984/?  +  0 

1.9174D  +  0 

2.3231/?+  1 

-5.6253/?  -  1 

8.1869/? -rO 

1.2931/? +  0 

-1.7192/? +  0 

2.3201D  +  1 

-4.0717D  -  1 

-8.1175D^0 

4.0678/?  +  0 

- 1.4479/? +  0 

2.2999/?  +  1 

7.0830/?  -r  0 

-5.0695/?  -  1 

2.3628/?  + 

0 

1.2252/? +  0 

1.3359/?  -  1 

-5.9934/?  +  0 

4.2897D  -  1 

-2.6797/?  - 

3 

3.1817D  +  0 

-1.5151D  -  2 

7.7678/?  -  2 

-8.1522D-0 

1.2984D  - 

1 

1.9174/?  -  1 

2.3231/?-  0 

-5.6253/?  -  2 

8.1869/?  -  1 

1.2931D  - 

1 

-1.7192/?  -  1 

2.320./?  +  0 

-4.0717/?  -  2 

-8.1175D  -  1 

4.0678/?  - 

1 

-1.4479/?-  1 

2.2999/? +  0 

7.0830/?  -  1 

-5.0695D  -  2 

2.3628/?  - 

1 

1.2252D  -  1 

1.3359Z?  +  0 

-5.9934/?-  1 

4.2897/?  -  2 

-2.6797/?  - 

4 

3.1817D  -  1 

-1.5151D  -  3 

7.7678/?  -  3 

-8.1522D  -  1 

Table  5.9.  Continuous  PI  Controller  Gain  Matrices  -  TFTA50CL 


4.0684D  +  0 

4.4327D  +  0 

6.6736D  +  1 

-1.1026D  -  1 

1.70402?  + 

2.0452Z?  +  0 

-4.44032?  -  1 

3.3549D  +  1 

1.1045D-  2 

-1.70692?  + 

3.7702D  +  0 

9.1527D-  1 

3.7010D  +  1 

4.26822? +  0 

7.07322?  + 

3.6996Z)  +  0 

2.3565D  +  0 

3.5852D  +  1 

-4.3496D  +  0 

5.50392?  + 

1.1003D-  2 

2.3396D  +  0 

1.80482?  -  1 

6.6177D  -  2 

-1.0227D  + 

■  4.06842?  -  1 

4.43272?  -  1 

6.6736D  +  0 

-1.1026D-  2 

1.70402?  + 

2.04522?  -  1 

-4.44032? -2 

3.3549D  +  0 

1.10452?  -  3 

-1.70692?  - 

3.7702D  -  1 

9.1527D  -  2 

3.7010D  +  0 

4.2682D  -  1 

7.0732D  - 

3.69962?  -  1 

2.35652?  -  1 

3.58522?  +  0 

-4.34%D  -  1 

5.5039D  - 

1.1003D  -  3 

2.3396D  -  1 

1.80482?  -  2 

6.6177D-  3 

- 1.02272? 

Table  5.10.  Discrete  Time  System  Design  Parameters 


Flight  Condition 

Ol 

02 

03 

Ob 

A 

^31 

77742 

ACMENTRY 

0.2 

0.005 

0.5 

0.3 

0.5 

0.005 

0.40 

0.20 

ACM30TL 

0.2 

0.005 

0.5 

0.3 

0.5 

0.005 

0.40 

0.20 

ACM50CL 

0.2 

0.005 

0.5 

0.3 

0.5 

0.005 

0.40 

0.20 

ACMEXIT 

0.1 

0.025 

0.5 

0.3 

0.7 

0.005 

0.25 

0.25 

TFTA 

0.2 

0.005 

0.5 

0.3 

0.5 

0.005 

0.40 

0.20 

TFTA30TL 

0.2 

0.005 

0.5 

0.3 

0.5 

0.005 

0.40 

0.20 

TFTA50CL 

0.2 

0.005 

0.5 

0.3 

0.5 

0.005 

0.40 

0.20 

Table  5.11.  Discrete  PI  Controller  Gain  Matrices  -  ACMENTRY 


Ki  = 


Ki  = 


!• 


Ki  = 


K2  = 


2.7500D  -  1 

2.6579D  +  0 

5.6542D  +  0 

4.6737D  -  1 

3.2537D-I-0  ■ 

2.7500D  -  1 

-2.6579D-I-0 

5.6542D  +  0 

-4.6737D  -  1 

-3.2537D-I-0 

— 

3.9893D  -  1 

-8.6397D  -  1 

-7.3916D  -  1 

1.2146D-i-0 

-1.1562D  -  1 

3.9S9ZD  -  1 

8.6397D  -  1 

-7.3916D-  1 

-1.2146D-^0 

1.1562D-  1 

O.OOOOD  +  0 

4.5235D  +  0 

0.00000-1-0 

1.152lD-i-0 

-3.4078D-h0 

■  1.3750D-  3 

1.3289D-  2 

2.8271D-  2 

2.3368D  -  3 

1.6268D  -  2  ■ 

1.3750D-  3 

-1.3289D-  2 

2.8271D-  2 

-2.3368D  -  3 

-1.6268D  -  2 

— 

1.9946D-  3 

-4.3199D-  3 

-3.6958D  -  3 

6.0731  D  -  3 

-5.7808D  -  4 

1.9946D  -  3 

4.3199D-  3 

-3.6958D  -  3 

-6.0731D-  3 

5.7808D  -  4 

O.OOOOD  -  0 

2.2617D  -  2 

0.00000  -0 

5.7606D  -  3 

-1.7039D  -  2  . 

Table  5.12. 

Discrete  PI  Controller  Gain  Matrices  -  ACM30TL 

■  3.3161D-  1 

-2.8000D  +  0 

5.2865D  0 

-3.9558D  -  1 

5.3726D  -r  0  ' 

3.4104D  -  1 

2.8167D^0 

5.3847D-t-0 

2.0715D  -  1 

-5.2688D  0 

= 

8.4279D  -  1 

-1.9667D  -  1 

-2.0084D  -H  0 

2.2225D  0 

-1.2248D-I-0 

4.9356D  -  1 

1.4151D-  I 

-1.1478D  +  0 

-1.5992D^0 

7.0502D  -  1 

O.OOOOD  +  0 

5.0000D  +  0 

O.OOOOD  0 

O.OOOOD  -  0 

O.OOOOD  +  0 

■  1.6580D  -  3 

-1.4000D-  2 

2.6432D  -  2 

-1.9779D  -  3 

2.6863D  -  2  ' 

1.7052D  -  3 

1.4084D  -  2 

2.6923D  -  2 

1.0358D  -  3 

-2.6344D-  2 

4.2140D-  3 

-9.8334D  -  4 

-1.0042D-  2 

1.1113D  -  3 

-6.1240D  -  3 

2.4678D  -  3 

7.0754D  -  4 

-5.7931D-  3 

-7.9959D  -  3 

4.4064D  -  3 

O.OOOOD  0 

2.5000D  -  2 

O.OOOOD  -h  0 

O.OOOOD  0 

O.OOOOD  0 

Table  5.13.  Discrete  PI  Controller  Gain  Matrices  -  ACM50CL 


■  -1.6235D-I-  1 

-2.6191D-I-  1 

-3.41000-^2 

2.07580  0 

-4.62120 -h  1 

-3.6411D  +  0 

-8.58270-^0 

-7.64770+  1 

6.80220  -  I 

-1.51440+1 

=  -5.3619D-K0 

-1.04620-1-1 

-1.21550 -h  2 

2.19140-0 

-1.75370  +  1 

-6.7328D^0 

-1.18350-1-1 

-1.50340 -h  2 

-4.24220+  1 

-2.18060  +  1 

.  -3.641lD-t-0 

-3.58270-1-0 

-7.64770  -1-  1 

6.80220  -  1 

-1.51440  +  1 

■  -8.1176D-  2 

-1.30950  -  1 

- 1.70500 -hO 

1.03790  -  2 

-2.31060  -  1 

-I.8206D-  2 

-4.29130  -2 

-3.82380  -  1 

4.40110-  3 

-7.57190  -  2 

=  -2.6809D  -  2 

-5.23120-2 

-6.07740  -  1 

1.09570  -  2 

-8.76860  -  2 

-3.3664D  -  2 

-5.91750  -  2 

-7.51710-  1 

-2.12110-3 

-1.09030  -  1 

.  -1.8206D-2 

-1.79130-2 

-3.82380-  1 

3.40110-3 

-7.57190-2 

Table  5.14.  Discrete  PI  Controller  Gain  Matrices  -  ACMEXIT 


K2 


■  -1.43840  -  1 

9.06930  +  0 

4.74490  +  1 

2.39770-0 

1.00690  -  1 

-1.36410-  1 

-9.25760  +  0 

4.49960+  1 

-2.44750-0 

-1.02780-  1 

=  -4.02620  -  1 

-7.23450  +  0 

-3.96020+  1 

7.80710-0 

1.11010  +  0 

-3.63550  -  1 

7.50970  0 

-5.24900-  1 

-7.73430-0 

-8.04590  -  1 

.  -1.62920  -2 

1.93700+1 

5.374  lO-h  0 

3.17700  -  0 

-3.41700-  1 

■  -7.19210-4 

4.43460  -  2 

2.37240  -  1 

1.19890  -  2 

5.03430  -  2 

-6.82030  -  4 

-4.62880  -  2 

2.24980  -  1 

-1,22380  -  2 

-5.13890  -  2 

=  -2.01310-3 

-3.61730  -2 

-1.98010-  1 

3.90360  -  2 

5.55070  -  3 

-1.8177  0  -  3 

3.75490  -  2 

-2.62450  -  1 

-3.86720  -  2 

-4.02300  -  3 

-8.14580-5 

9.68490  -  2 

2.68700  -  2 

1.58850  -  2 

-1.70850  -  1 

5-8 


Table  5.15.  Discrete  PI  Controller  Gain  Matrices  -  TFTA 


1.3716Z?-  1 
-1.5494D-  1 
2.7067D  -  1 
2.6077D  -  1 
-1.5477D  -  2 

6.8582D  -  4 
7.7468Z?  -  4 
1.3533D  -  3 
1.3038D  -  3 
-7.7385D  -  5 


8.3600D  -  1 
-8.3600D  -  1 
-4.6565D  -  1 
4.6565£>  -  1 
1.4562D  +  0 

4.1800D-  3 
-4.1800ZJ-3 
-2.3282D  -  3 
2.3282D  -  3 
7.2808D  -  3 


3.8314D  +  0 
3.9886D  -t-  0 
2.3938D  +  0 
2.3062D  +  0 
-1.3688Z?-  1 

1.9157D-  2 
1.9943Z?  -  2 
I.1969D-  2 
1.1531D-  2 
-6.8439D  -  4 


8.7056Z?  -  2 
-8.7056Z>  -  2 
6.9138D  -  1 
-6.9138D  -  1 
1.9120Z)  -  1 

4.3528L>  -  4 
-4.3528D  -  4 
3.4569Z>  -  3 
-  3.4569 £>  -  3 
9.5602D  -  4 


8.9830Z?  -  1  ■ 
-8  9830Z?  -  1 
9.3202D  -  3 
-9.3202D  -  3 
-1.1936D  +  0 

4.4915D  -  3  ■ 
-4.4915D  -  3 
4.6601  Z)  -  5 
-4.6601D  -  5 
-5.9680D  -  3 


Table  5.16.  Discrete  PI  Controller  Gain  Matrices  -  TFTA30TL 


1.29840  -  1 
1.2931D  -  1 
4.06780  -  1 
2.3628  0  -  1 
-2.67970-4 

6.49220  -  4 
6.46540  -  4 
2.03390  -  3 
1.18140  -  3 
-1.33980  -6 


9.58720  -  1 
-8.59600  -  1 
-7.23950  -  1 
6.12590-  1 
1.59080  +  0 

4.79360  -  3 
-4.29800  -  3 
-3.61980  -  3 
3.06290  -  3 
7.95420  -  3 


3.87180 -r  0 
3.86680  +  0 
3.83320  +  0 
2.22650  ^  0 
-2.52510  -  3 

1.93590-  2 
1.93340  -  2 
1.91660  -  2 
1.11330  -  2 
-1.26250-5 


-8.43790  -  2 
-6.10760  -  2 
1.06250  ^0 
-8.99010  -  1 
1.16520  -  2 

-4.21900  -  4 
-3.05380  -  4 
5.31230-3 
-4.49510  -  3 
5.82580  -  5 


1.02340  -0 
-1.01470  0 

-6.33690  -  2 
5.36210  -  2 
-1.01900  -  0 

5.11680  -  3 
-5.0734  0  -  3 
-3.16850  -  4 
2.68100  -  4 
-5.09510  -  3 


Table  5.17.  Discrete  PI  Controller  Gain  Matrices  -  TFTA50CL 


4.0684D  -  1 

2.2164D  +  0 

1.1123£)-h  1 

-1.6540D  -  2 

2.1300D-H0  ■ 

2.0452D  -  1 

-2.2202D-  1 

5.5914D-0 

1.6568D-  3 

-2.1336D-  1 

= 

3.7702D  -  1 

4.5764D  -  1 

6.1683D  ^  0 

6.4023D  -  1 

8.8416D-  1 

3.6996D  -  1 

1.1783D-(-0 

5.9754D  -r  0 

-6.5243Z?  -  1 

6.8799D  -  1 

1.1003D  -  3 

1.1698D-I-0 

3.0081D  -  2 

9.9266D  -  3 

-1.2784D-(-0 

■  2.0342D  -  3 

1.1082D-2 

5.5614D  -  2 

-8.2698D-  5 

1.0650Z>-  2  ■ 

1.0226D  -  3 

-l.llOlD-3 

2.7957D  -  2 

8.2840D  -  6 

-1.0668D-  3 

= 

1.8851D  -  3 

2.2882D  -  3 

3.0842D  -  2 

3.2011Z?-  3 

4.4208D  -  3 

1.8498D  -  3 

5.8913D-3 

2.9877D  -  2 

-3.2622D  -  3 

3.4399D  -  3 

5.5014D  -  6 

5.8490D  -  3 

1.5040D-  4 

4.9633D  -  5 

-6.3918D-  3 

Table  5.18.  Discrete  Time  System  Design  Parameters  (Step-Response  Matrix) 


Flight  Condition 

(Tj  <72 

<73 

<74 

<75 

TTi  -  TTj 

77131 

1 

m42 

ACMENTRY 

0.10  1  0.0015 

0.02 

0.04 

0.6 

0.04 

0.40 

0.20 

ACM30TL 

0.10  j  0.0015 

o 

6 

0.04 

0.6 

0.04 

0.40 

0.20 

ACM50CL 

0.10  0.0015 

0.02 

0.04 

0.6 

0.04 

0.40 

0.20 

ACMEXIT 

0.04  :  0.0240 

o 

d 

0.04 

0.6 

0.04 

0.20 

0.20 

TFTA 

0.10  ;  0.0015 

0.02 

0.04 

0.6 

0.04 

0.40 

0.20 

TFTA30TL 

0.10  i  0.0015 

0.02 

0.04 

0.6 

0.04 

o 

o 

0.20 

TFTA50CL 

0.10  00015 

0.02 

0.04 

0.6 

0.04 

0.40 

0.20 

Table  5.19.  Discrete  PI  Controller  Gain  Matrices  (Step- Response  Matrix)  -  AC- 
MENTRY 


■  5.4705D  +  0 

3.1920D  + 

1 

2.9162D  +  2 

1.09490+1 

3.16910+2 

1 

5.4705D  +  0 

-3.1920D  + 

1 

2.9162D  +  2 

-1.09490+  1 

-3.16910  +  2 

= 

7.9174D  +  0 

-1.0367D  + 

1 

-3.6901D^  1 

1.15110^  2 

-5.76250 -t-  1 

7.9174D  +  0 

1.0367D  + 

1 

-3.6901D  +  1 

-1.151lO-r  2 

5.76250  -  1 

0.00000  +  0 

5.4361D  + 

1 

0.00000  0 

4.88900  +  1 

1.07670  -2 

J 

■  5.6301D-  4 

1.6810D  + 

0 

1.3864D  +  0 

-7.65470  -  1 

2.13830+  1  ■ 

5.6301  D  -  4 

-1.6810D  + 

0 

1.3864D  -h  0 

7.65470  -  1 

-2.13830+  1 

= 

5.4982D  -  4 

2.7851D- 

1 

1.58540-^0 

2.48820  -  1 

-6.93780-^0 

5.4982D  -  4 

-2.7851D- 

1 

1.58540 -r  0 

-2.48820-  1 

6.93780 -t-0 

0.00000  -  0 

4.8837D  + 

0 

0.00000  -0 

-1.30280-0 

3.60740  -  1 

Table  5.20.  Discrete  PI  Controller  Gain  Matrices  (Step- Response  Matrix) 
ACM30TL 


■  6.65860  +  0 

-3.36630+  1 

2.76740  -  2 

6.64230  -  0 

9.0754  0- 

1 

6.84790  +  0 

3.38620  +  1 

2.81930  -2 

-2.33090+  1 

-8.47040- 

1 

= 

1.68870+  1 

-2.33360 -rO 

-9.16620-  1 

1.95720-2 

-7.10490- 

1 

9.88940  +  0 

1.6797  0  -  0 

-5.22210-  1 

-1.40880  -  2 

5.11400- 

1 

0.00000  +  0 

6.00660  -t-  1 

0.00000  -  0 

-7.23070-  1 

3.00980  - 

2 

■  6.30010-4 

-3.73840  +  0 

3.08990  +  0 

8.05280  -  1 

-2.21950-  1 

6.46610  -  4 

3.48940  +  0 

3.17240  +  0 

-8.12380-  1 

2.24020  +  1 

= 

1.20830  -  3 

1.95100-0 

6.24490  -  0 

5.56660  -  2 

-1.62480-0 

7.08330  -  4 

- 1.44850 0 

3.66010  +  0 

-4.13280  -  2 

1.20630-0 

0.00000  +  0 

3.96000  +  0 

0.00000  +  0 

-1.44000  -  0 

4.00410  +  1 

Table  5.21.  Discrete  PI  Controller  Gain  Matrices  (Step-Response  Matrix) 
ACM50CL 


■  -3.0678D  +  2 

-2.9452D  2 

-1.6858D-I-4 

4.7280D  +  2 

-3.5658D  +  3  ' 

-6.8803D  -t-  1 

-9.8568D  +  1 

-3.7809D  +  3 

1.5824D-I-2 

-1.1934D-f-  3 

= 

-1.0118D  +  2 

-1.1887D  +  2 

-6.0192D  -h  3 

3.0917D  +  2 

-1.3947D+  3 

-1.2709D+  2 

-1.3368D  +  2 

-7.4428D  +  3 

9.6259D  -h  1 

-1.6629D+  3 

-6.8803D+  1 

-3.8514D+  1 

-3.7809D-H3 

9.5510D+  1 

-8.9256D  +  2  . 

■  -5.7289D-  3 

-4.1622D-  1 

-1.8685D+  1 

4.6308D  - 

1 

-1.2974D-^  1 

-1.2848D-  3 

-7.9454D  -  1 

-4.1906D-I-0 

8.8399D  - 

1 

-2.4767D+  1 

= 

-1.6573D-  3 

1.3764D  -  1 

-5.3147D  +  0 

6.0436D  - 

1 

-1.6920D+  1 

-2.1411D-  3 

-1.0420D  +  0 

-6.8925D  +  0 

4.0179D- 

1 

-1.1270D-^  1 

-1.2848D-  3 

2.4855D  +  0 

-4.1906D  +  0 

-5.5601D  - 

1 

1.5254D-^  1 

Table  5.22.  Discrete  PI  Controller  Gain  Matrices  (Step-Response  Matrix) 
ACMEXIT 


■  -2.3306D  +  0  3.4853^-^- 2  1.5051D-)-  3  -6.7933D-t-0  4.6680D  +  2  ' 

-2.2102D  +  0  -3.5573D->-  2  1.4275D-I-  3  7.4068D-  0  -4.7644D^2 

Ki  =  -6.5115D  +  0  -2.7744D  +  2  -1.3319D+  3  1.0568D+  3  -6.1907D*! 

-5.8784D^0  2.8810D-2  -1.7410D-r  3  -1.0558D-  3  7.6177D  *  1 
-2.6397D-1  7.4414D  +  2  1.7024D-(-2  -2.3176D-  2  -9.0963D-2 

■-1.6058D-  1  1.0821D  +  0  -1.8853D-t-  1  1.8345D-0  1.7011D-1' 

-1.5228D-  1  -9.9808D-  1  -1.6529D+  1  2.6597D  +  0  -1.5691D+1 

K2  -  -3.3080D-1  1.8514D  +  0  -3.6653D+  1  5.4922D-0  -1.1830D-^1 

-2.8719D-  1  -1.6223D  +  0  -3.2831D+  1  4.1074D  +  0  1.5431D-^1 

-1.8187D-2  1.4151D  +  0  -3.5205D  +  0  -7.3723D  -  1  3.4962D  -  1 


Table  5.23.  Discrete  PI  Controller  Gain  Matrices  (Step-Response  Matrix)  -  TFTA 


2.7661D  +  0 

1.0050D+  1 

2.1612D-H  2 

3.6677D  +  0 

9.4263D-  1 

3.1223D  +  0 

-1.0050D+  1 

2.2642D  ^  2 

-3.6677D-0 

-9.4263D  -  1 

=  5.4248D  +  0 

-5.5876D  +  0 

1.5684D-  2 

6.4045D  -  1 

-2.7756D  +  1 

5.2264D  -h 

0 

5.5876D  +  0 

1.5111D+  2 

-6.4045D-t-  1 

2.7756D  -  1 

-3.1020D- 

1 

1.7541D+  1 

-8.9685D-f-0 

9.6502D  -  0 

2.9729Z)  -r  1 

■  1.3618D  - 

3 

1.2573D-t-0 

1.1898£>-r0 

-2.1402Z)  -  1 

6.777lD-r  0 

1.5011D- 

3 

-1.2573D  +  0 

1.3141D  +  0 

2.1402D  -  1 

-6.777l£>-t-0 

=  2.1218D- 

3 

2.8001D-  1 

1.8942D  +  0 

1.1921D-  1 

-3.7500D-^^0 

2.0442D  - 

3 

-2.8001D  -  1 

1.8250D+  0 

-1.1921D-  1 

3.7500D  +  0 

.  -1.2132D  - 

4 

4.0880D  +  0 

-1.0831D-  1 

-3.7277D-  1 

1.1523D-^  1 

Table  5.24.  Discrete  PI  Controller  Gain  Matrices  (Step-Response  Matrix) 
TFTA30TL 


2.5976D  +  0 

1.1521D+  1 

2.01060 2 

-1.23690+  1 

1.07790  -2 

2.5870L>-f-0 

-1.0332D+  1 

2.00800  +  2 

-1.12030-0 

-1.01360  -2 

=  8.0892D  +  0 

-8.6979D  +  0 

1.97690  ^  2 

9.86750  +  1 

-4.70110-  1 

4.6987D  -  0 

7.3430D  +  0 

1.14830  -2 

-8.33040+  1 

3.96880  -  1 

-5.3287D  -  3 

1.9154D+  1 

-1.30220  -  1 

-7.29380-0 

4.64050  -  1 

9.4845D  -  4 

1.0667D  +  0 

9.19510  -  1 

-2.46760-  1 

7.81980  +  0 

9.4532D  -  4 

-1.1396D  +  0 

9.16460  -  1 

2.18730  -  1 

-6.93700  -0 

=  2.3749D  -  3 

4.94650  -  1 

2.31320-0 

1.90140  -  1 

-5.98940  -  0 

1.3795D  -  3 

-4.0069D  -  1 

1.34370+0 

-1.54030  -  1 

4.85170-0 

-1.5644D-6 

3.81680-^0 

-1.52380  -  3 

-4.07260  -  1 

1.26270-^  1 
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5.S  Simulation  and  Results 

The  input  commands  to  the  plant  for  V,  /?,  6,  (p,  and  r  are  applied  for  both 
a  ramped  step  command  and,  a  model  following  input  based  upon  a  third  order 
response.  In  his  thesis,  Barfield  provided  a  guideline  to  calculate  the  ramp  time  as 
a  function  of  rate  and  position  limit  of  the  control  surface  [2] . 


Ramp  T ime  = 


Position  Limit 


(5.1) 


Rate  Limit 

The  maximum  rate  and  position  limit  for  this  design  is  calculated  from  the  canard 


control  surface  as 


60  dea  ,  , 

Ramp  Time  =  - (5.2) 

100^  '  ’ 

9tC 

=  0.6  see  (5-3) 

A  ramp  time  of  0.5  second  is  used  for  all  input  channels  to  simplify  MATRIX* 
simulation.  The  ramped  input  is  selected  because  the  pilot  cannot  instantaneously 
provide  a  step  input  command  when  a  maneuver  is  performed.  Furthermore,  first 
order  prefilters  are  inserted  to  filter  high  frequency  spikes  in  the  input  and  provide 
a  desirable  bandwidth  less  than  10  rad/sec,  thus  eliminating  the  possibility  of 
exciting  structural  modes  in  the  aircraft  [2].  For  the  ramped  input,  selecting  a 
pre-filter  of  the  form 


Pref  Uteris)  =  — —  (5.4) 

'  '  s-t-10  ^  ' 

for  all  input  channels  reduces  the  bandwidth  of  the  closed-loop  system  to  approx¬ 
imately  8-10  rad/sec  and  does  not  noticeably  affect  the  speed  of  the  response. 

The  model  following  prefilters  incorporate  the  desirable  characteristic  of  re¬ 
ducing  the  bandwidth  and  are  selected  to  provide  a  desired  response,  regardless  of 


I 


I 


! 
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Table  5.25.  Discrete  PI  Controller  Gain  Matrices  (Step-Response  Matrix) 
TFTA50CL 


■  8.0879D  -1-  0 

2.6579D  +  1 

5.7810D  -h  2 

-9.17811>-h0 

2.3742D  -h  2  ‘ 

4.0658D  +  0 

-2.7043D4-0 

2.9061D  2 

9.3386D  -  1 

-2.4157D-t-  1 

= 

7.4653Z7  +  0 

5.4098D  +  0 

3.1889D  +  2 

5.5966D  1 

6.9847D  -1- 1 

7.3251D-t-0 

1.4053D-I- 1 

3.0886Z)  +  2 

-6.2687D  -H  1 

1.0401£>-t-2 

.  2.1873D  -  2 

1.4097D-H  1 

1.5634D  -t-  0 

-  3.4093 Z?  +  0 

8.2401Z?-|-  0 

■  2.9967D  -  3 

3.3557D  -t-  0 

2.5276D  -h  0 

-5.5951D  -  1 

1.7733D-^  1  ■ 

1.5065D  -  3 

-3.6465D  -  1 

1.2706D  +  0 

6.0798D  -  2 

-1.9270D-i-0 

= 

2.4403D  -  3 

1.5256£>-f-0 

2.0642r>-h0 

-8.5619D-  2 

2.7395D-I-0 

2.3883D  -  3 

6.0873D  -  1 

2.0204D  -h  0 

-2.7023Z?  -  1 

8.5392Z?-f-0 

8.1045D  -  6 

3.5175D-h0 

6.8358D  -  3 

-2.9945D  -  1 

9.2087D  -t-  0 

the  input  command.  Settling  time,  overshoot,  and  bandwidth  are  determined  from 
the  values  of  the  prefilter  coefficients.  This  design  is  built  and  simulated  from  a 
transfer  function  having  a  one  real  root  and  a  complex  pair  with  a  f  as  0.8.  The 
location  of  the  real  root  affects  the  settling  time  and  is  adjusted  to  provide  the 
desired  response  characteristics.  The  model  following  prefilter  transfer  functions 
and  associated  roots  are  listed  in  Table  5.26.  The  real  roots  (Table  5.26)  are  se¬ 
lected  to  meet  anticipated  pilot  requirements;  faster  input  tracking  for  velocity  and 
bank  angle  commands  and  smoother  and  slower  pitch  angle  tracking.  The  input 
commands  for  the  coordinated  turn  and  pitch  tracking  command  for  the  ramped 
and  model  following  input  are  shown  in  Figure  5.1  through  5.6. 
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Table  5.26.  Model  Following  Transfer  Functions 


V". 


flpiit 


emd 


3, 


nput 


6, 


nput 


'cmd 


^input 

^cm.d 

^input 

^emd 


250 

^3  +  1852  ^  1055  -r  250 
100 

s3  -r  12s2  +  57s  -  100 
50 

53  ^  I0s2  ^41s  -  50 
250 

53  ^  1853  105s  -  250 

100 

53  +  12^3  +  57s  +  100 


Input  i  Denominator  Roots 


'v:. 


^  l!  -10  +  Oj 


r>4  11 


3. 


3c- 


np%t 


«c- 


rtp%< 


-4  -  Oj 
-2  -  Oj 


-10  *  Oj 

v<md  , 


Oj 


-4 

-4 

-4 

-4 

-4 


5- 


Figure  5.5. 


i.  J.  .i-  Lt  .  I  .  .  ■  .  J  i  i  i 

2  3  *  S 

Tjrft  ]M  SCCOOS 

Figure  5.6.  ffemd  -  Model  Following 


The  MATRIX*  simulation  time  is  selected  as  seven  seconds  to  provide  ade¬ 
quate  scaling  during  the  first  few  seconds  of  the  simulation.  Figure  5.7  through  5.11 
show  the  output  responses  for  the  continuous  time  PI  controller  for  a  ramped  and 
model  following  input. 


ed  Turn  -  (Continuotis) 


Figure  5.11.  V,0,6,<i>,  and  r  -  Bend  -  (Continuous) 


TZrC  IM  aEC29«36 

Figure  5.12.  V,/3,B,<p,  and  r  -  B^md  -  Model  Following  (Continuous) 
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The  decoupling  of  the  outputs  is  excellent  for  both  the  ramped  and  the 
model  following  input  commzuids.  There  is  a  slight  0  output,  less  than  one  degree 
steady  state,  for  the  coordinated  turn  maneuver.  If  02  of  the  I]  weighting  matrix 
is  increased  to  eliminate  the  output,  excessive  control  surface  deflections  and  rates 
occur.  The  one  degree  steady  state  error  is  an  acceptable  compromise  between 
control  surface  deflection  and  desired  decoupling.  Decoupling  is  also  present  with 
the  pitch  tracking  command  with  steady  state  value  for  the  velocity  output  of  less 
than  1.0  ft/sec.  Appendix  C  illustrates  the  response  for  9,  pitch  rate,  for  the  6  input 
command.  The  superb  decoupling  effect  is  present  for  all  other  flight  conditions 
and  failures.  The  responses  for  both  the  ramped  and  model  following  input  look 
essentially  the  same.  However,  the  control  surface  deflections  and  rates  are  much 
smalle.  and  smoother  for  the  model  following  input.  Appendix  C. 

The  implementation  of  both  types  of  discrete  controllers  produces  similar 
decoupled  outputs.  A  slight  0  interaction  in  the  coordinated  turn  output  and  the 
velocity  term,  V,  in  the  pitch  tracking  command  is  exhibited  with  the  controllers. 
Figure  5.13  through  5.17  show  the  responses  for  the  coordinated  turn  and  pitch 
tracking  tasks,  respectively,  using  the  basic  discrete  controller. 
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Figure  5.17.  V  and  r  -  $cmd  -  (Discrete) 
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The  bandwidth  of  the  closed  loop  system  is  calculated  as  the  frequency,  wj,, 
where  the  response  is  down  -3  dB.  Figures  5.19  through  5.28  show  the  continuous 
closed  loop  frequency  response  for  the  ramped  input  with  first  order  prefilter  and 
the  model  following  input.  All  responses  indicate  the  bauxdwidth  is  less  than  10 
rad/sec.  Similar  results  are  evident  for  the  discrete  controller  cases. 
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Figure  5.20.  Continuous  Closed-Loop  Bode  Plot  -  V  vs  Vcmd  (Model  Following) 


Figure  5.21.  Continuous  Closed-Loop  Bode  Plot  -  ^  vs  (3cm.i 


D^CGA 


Figure  5.22.  Continuous  Closed-Loop  Bode  Plot  -  0  vs  0cmd  (Model  Following) 


CrCGA 


Figure  5.23.  Continuous  Closed-Loop  Bode  Plot  6  vs  dcmd 


OhCGO 


Figure  5.24.  Continuous  Closed-Loop  Bode  Plot  6  vs  d^md  (Model  Following) 


OrCGA 


Figure  5.25.  Continuous  Closed-Loop  Bode  Plot  4>  vs 


Figure  5.26.  Continuous  Closed-Loop  Bode  Plot  4>  vs  (t>cmd  (Model  Following) 


o^e&A 


Figure  5.27.  Continuous  Closed-Loop  Bode  Plot  -  r  vs  rcmd 


OrCGP 


QrCGP 


Figure  5.28.  Continuous  Closed-Loop  Bode  Plot  -  r  vs  Vcmd  (Model  Following) 


5.^  Summary 

One  of  the  primary  attributes  of  the  PI  control  law  developed  by  Professor 
Brian  Porter  is  the  ability  to  decouple  the  output  responses  which  enhances  the  fast 
tracking  capability  of  the  controller.  Optimal  selection  of  the  PI  control  law  gains 
provides  good  tracking  characteristics  while  maintaining  control  surface  deflections 
and  rates  within  acceptable  limits.  Ideally,  the  control  engineer  desires  to  select  a 
set  of  gains  that  performs  satisfactorily  over  a  wide  range  of  operating  conditions. 
The  thrust  of  the  design  effort  in  this  research  project  was  made  to  find  a  set 
of  weighting  elements  of  the  E  matrix  that  is  acceptable  for  all  conditions,  thus 
simplifying  gain  scheduling  efforts  if  a  fixed  gain  controller  is  implemented.  Often 
control  law  gains  that  are  calculated  on  plant  characteristics  at  high  g  conditions, 
such  as  the  TF /TA  flight  segment,  perform  well  at  other  flight  conditions.  In  this 
research  project,  the  gain  matrices  calculated  at  the  TF /TA  flight  segment  yielded 
stable  responses  at  70  percent  of  the  remaining  points  chosen  in  the  flight  envelope. 
Adjustment  of  the  controller  gains  was  required  to  obtain  good  stable  responses 
at  the  other  flight  conditions.  An  adaptive  controller,  such  as  the  one  presented 
in  the  next  chapter,  is  needed  to  adjust  the  control  law  gains  when  universally 
selected  gains  do  not  work. 
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VI.  Parameter  Adaptive  Controller  Design 


6.1  Introduction 

As  flight  conditions  2ind  conflgurations  change,  the  properties  or  parameters 
representing  the  aircraft  plant  also  change.  If  the  fixed  gain  PI  controller  does  not 
provide  a  satisfactory  response,  the  control  law  gains  must  be  adjusted  on-line  to 
compensate  for  these  changing  conditions.  The  continuous  and  discrete  controller 
gains  developed  in  Chapters  4  and  5  are  calculated  using  the  state-space  repre¬ 
sentation  of  the  aircraft.  Since  the  aircraft  plant  can  be  represented  by  a  discrete 
difference  equation  for  a  given  sampling  time  T,  control  law  gains  are  calculated  by 
manipulating  the  coefficients  of  this  difference  equation.  By  measuring  input  and 
output  data,  on-line,  the  coefficients  that  constitute  the  difference  equation  itself 
can  be  updated  continuously  and  new  PI  controller  gains  calculated  each  time  the 
measurements  are  taken.  Predicting  the  new  plant  parameters  allows  gain  calcula¬ 
tions  to  be  accurate  and  appropriate  for  the  new  flight  condition  or  configuration. 
The  recursive  least  squares  (RLS)  parameter  estimating  scheme  is  implemented  in 
this  thesis  to  provide  updated  step-response  matrices  for  use  in  the  PI  control  law 
gain  calculations.  The  autoregressive  moving  average  (ARMA)  representation  of 
the  eight  state  CRCA  plant  for  a  40  Hz  sampling  frequency  produces  a  2nd  order 
discrete  difference  equation  with  100  plant  parameters.  Using  the  reduceu  order 
difference  equation  provided  by  the  ARMA  representation  permits  implementation 
of  the  RLS  algorithm  that  estimates  all  plant  parameters.  This  chapter  describes 
the  design  procedure  and  results  for  the  parameter-  adaptive  PI  controller  when  a 
partially  failed  left  trailing  edge  flaperon  is  introduced  during  the  commanded  45 
degree  banked  turn  simulation.  This  failure  is  selected  because  gain  scheduling  is 
needed  to  provide  a  stable  response  at  this  flight  condition.  Table  5.1. 
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Figure  6.1.  Discrete  PI  Controller  -  Step-Response  Matrix 


6.£  Design  Procedure 

The  development  of  the  fixed  gain  discrete  PI  controller  in  Chapter  4  pro¬ 
vides  a  design  basis  for  selection  of  the  controller  weighting  matrices  H  and  E  of 
Equations  3.31  and  3.32.  The  control  law  of  Equation  3.30  and  Figure  6.1  is  shown 
as 


u{kT)  =  Kie{kT)  +  Kiz{kT) 


where, 

Ki  =  H{Tf\H{T)H{Tf]-''E 
Ki  =  G(0)^[G'(0)G(0)^]'‘n 

E  =  diagonal  weighting  matrix  [oi, . . .  Om] 
n  =  diagonal  weighting  matrix  [xi, . . .  tt^] 


Table  6.1.  Control  Law  Design  Parameters 


1 

02  !  03 

O4  <^5 

TTl  —  ITs 

mai 

m42 

0.1 

0.0015 

0.02 

0.04 

0.6 

0.04 

0.40 

0.20  j 

The  selection  of  the  design  parameters  for  the  control  law  are  listed  in 
Table  6.1  and  represent  those  values  obtained  from  fixed  gain  simulations  that 
are  listed  in  Table  4.14. 

The  behavior  of  the  plant  is  modelled  at  each  sampling  period  T  by  means 
of  an  autoregressive  difference  equation,  Equation  2.8,  of  the  form 


!• 


y{kT)  =  Diu[(A:  -  l)r]  -  -  l)T]  +  B2u[{k  -  2)T]  - 

-  2)ri  (6.1) 


where, 

Ai,A2,Bi  and  B2  are  the  coefficients  or  parameters  of  the  system  2md  are  matrices 
of  dimension  5x5.  Appendix  B  develops  the  method  used  to  obtain  the  ARM  A 
model  representation  used  in  this  thesis  and  Appendix  A  contains  the  ARMA 
coeflScients  for  all  flight  conditions.  For  the  recursive  least  squares  estimation. 
Equation  6.1  is  expressed  as 


y(fcr)  =  (6.2) 

where, 

0^  =  [Ai  A2  Bi  B2]  (6.3) 

<f>'^  =  [-y^[(fc-l)r]...-yn(fc-2)r]  u^[{k-l)T...u^[{k-2)T]{6A) 
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The  vector  is  of  dimension  1  x  100  which  is  equal  to  the  number  of  parameters 
in  the  difference  equation,  and  is  a  matrix  of  the  past  values  of  the  inputs  and 
outputs  of  the  system  and  has  dimension  5  x  100. 

The  step- response  matrix  is  presented  in  Chapter  3  in  Equations  3.35  and  3.36 
in  ternas  of  the  difference  equation  coefficients.  For  this  design,  these  equations  are 

H{T)  =  B,  (6.5) 

G(0)  =  [I  ^  +  B2)  (6.6) 

For  simplicity  and  ease  of  design,  the  RLS  algorithm  used  in  this  thesis  does 
not  use  a  variable  forgetting  factor.  Consequently,  the  only  design  parameter  in  the 
algorithm  is  the  O/  weighting  term  in  Equation  3.41.  Equations  3.39  through  3.42 
are  reproduced  here  to  aid  in  the  design  discussion. 

B(k  -t-  1)  =  0{k)  -h  P{k)x{k  -i-  l)7(fc  +  l)(!/(fc  +  1)  ~  +  l)^(^)l 

P(fc  +  1)  =  P{k)  —  P{k)x{k -j- lY{k l)x^{k  +  l)P{k) 

[at  +  x^{k+l)P{k)x{k  +  l)] 

i(fc-t- 1)  =  \-y{k),...,-y{k  -  l),u(fc),...,u(fc-  1)] 

where, 
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Figure  6.2.  System  Build  Implementation  of  Adaptive  Control  Law 

6{k)  =  plant  parameter  vector  (100  x  l) 

P{k)  =  covariance  matrix  associated  with  estimation  (100  x  100) 
x{k  —  1)  =  time  history  of  input/output  data  (100  x  5) 
at  =  weighting  parameter  -  diag(5  x  5) 

The  RLS  algorithm  is  implemented  by  a  FORTRAN  subroutine  and  accessed  each 
sample  period  during  the  MATRIX,  simulation.  Figure  6.2  shows  the  MATRIX, 
System  Build  implementation  with  the  block  labeled  “ADAPT”  containing  the 
RLS  FORTRAN  program.  Appendix  F  details  the  coding  of  the  software. 

The  algorithm  start-up  values  for  the  covariance  matrix  P(0)  and  time  history 
matrix  i(0)  are  selected  as  the  identity  matrix  and  a  matrix  of  zeros  respectively. 
However,  to  avoid  any  inversion  singularities  and  to  insure  full  population  of  the 
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Table  6.2.  Adaptive  Controller  Design  Parameters 


time  history  matrix,  x(k+l),  initial  controller  gains  are  kept  constant  for  two 
sample  periods,  0.050  second.  These  gain  values  are  calculated  from  the  nominal 
flight  condition  ARMA  model  coefficients.  The  rate  of  parameter  adaption  and 
overall  stability  of  the  output  response  is  controlled  by  the  selection  of  the  weighting 
parameter  a*.  The  best  output  and  rate  of  adaption  occurs  when  this  value  is 
selected  as  0.94.  Table  6.2  summarizes  all  the  design  parameters  used  in  the 
adaptive  controller. 

6.S  Simulation  and  Results 

Responses  for  the  45  degree  coordinated  turn  maneuver  are  shown  starting 
with  Figure  6.3  and  illustrate  the  exceptional  performance  of  the  adaptive  con¬ 
troller.  The  adaptive  controller  is  functioning  from  the  start  of  the  simulation  and 
the  partially  failed  left  trailing  edge  control  surface  is  introduced  at  two  seconds. 
The  aircraft  remains  stable  during  the  transient  period  of  adaption  with  mini¬ 
mal  bank  angle  fluctuations.  There  is  some  oscillation  in  the  yaw  rate  value,  but 
tracking  convergence  on  the  yaw  rate  command  is  obtained  within  three  seconds. 
Control  surface  deflections  and  rates  are  within  their  limits. 


Figure  6.7.  u  and  w  -  45°  Banked  Turn 
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Figure  6.8.  6  and  q  -  45°  Banked  Turn 
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Figure  6.13.  Right  Canard  Deflection  -  45°  Banked  Turn 
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Figure  6.14.  Right  Canard  Deflection  Rate  -  45°  Banked  Tur 
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Figure  6.16.  Left  Trailing  Edge  Deflection  Rate  -  45°  Banked  Turn 
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Time  history  graphs  of  all  the  plant  parameter  estimates  are  contained  in 
Appendix  C.  Convergence  of  the  parameters  indicates  stability,  however  there  are 
fluctuations  in  many  of  the  parameter  values.  These  changes  are  often  small  in 
magnitude  and  do  not  significantly  influence  the  control  law  gain  calculations. 
The  weighting  factor  at  is  adjusted  to  obtain  the  desired  rate  of  adaption  and 
corresponding  output  response. 

The  MATRIX*  simulation  accesses  the  RLS  FORTRAN  program  each  sam¬ 
ple  period  which  updates  the  control  law  before  the  beginning  of  the  next  sample 
period.  The  controller  performs  under  these  ideal  circumstances,  but  an  impor¬ 
tant  question  is  how  much  “real”  time  does  it  take  to  go  through  the  algorithm. 
Off-line  tests  of  the  RLS  FORTRAN  progrzun  indicate  approximately  0.072  sec¬ 
onds,  or  about  three  sample  periods,  of  computer  time  (VAX  8650)  are  needed  to 
perform  the  updating  of  the  parameter  vector  and  control  law  calculations.  To 
simulate  the  effects  of  the  actual  time  needed  to  update  the  control  law,  a  compu¬ 
tational  delay  of  three  sample  periods  is  introduced  between  the  RLS  program  and 
the  PI  controller.  With  this  delay,  output  responses  remain  stable  with  little  or 
no  degradation  in  performance.  Consequently,  the  computational  delay  associated 
with  the  RLS  program  does  not  affect  the  performance  of  the  controller.  Because 
the  responses  are  so  similar,  separate  response  plots  are  not  included  in  this  thesis. 
The  delay  location  is  shown  in  Figure  6.21. 

6.4  Summary 

When  the  aircraft  dynamics  are  expressed  in  the  form  of  a  discrete  ARMA 
representation  and  the  PI  control  law  gain  calculations  are  based  on  these  values, 
an  adaptive  controller  implementation  is  feaisible.  The  recursive  least  squares  pa¬ 
rameter  estimation  algorithm,  in  its  simplicity  of  implementation,  demonstrates 
exceptional  compatability  with  the  PI  control  law.  A  forgetting  factor  adjustment, 
filtering  of  input/output  data,  parameter  estimates,  and  gain  calculations,  or  spe- 


6-16 


Figure  6.21.  System  Build  Implementation  of  Computational  Delay 

cial  matrix  inversion  FORTRAN  programs  have  not  been  implemented  and  do  not 
complicate  the  design  process.  Although  steady  state  convergence  of  the  parame¬ 
ter  estimates  are  important,  the  individual  behavior  of  each  parameter  is  not  an 
issue.  First  and  foremost  is  the  need  to  obtain  the  desired  tracking  response  and 
aircraft  stability.  The  next  chapter  presents  several  conclusions  that  have  been 
derived  from  the  fixed  gain  and  adaptive  controller  designs  of  Chapters  5  and  6. 
Recommendations  for  further  research  are  presented  to  examine  the  robustness  of 
the  multivariable  design  techniques. 
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VII.  Conclusions  and  Recommendations 


7.1  Introduction 

The  proportional  plus  integral,  PI,  control  law  developed  by  Professor  Brian 
Porter  of  the  University  of  Salford,  England  and  implemented  in  this  thesis  is  a 
result  of  several  hundred  MATRDCx  simulations.  Each  simulation  was  made  in 
hopes  of  adjusting  design  parameters  for  the  best  possible  response.  Fine  tuning  the 
response  is  inherent  in  any  design  process,  but  the  ease  of  design  and  simulation 
capability  of  the  design  method  is  a  real  advantage  when  used  with  a  powerful 
computer  aided  design  (CAD)  package  like  MATRIX*  •  The  tremendous  power  of 
control  law  design  using  this  CAD  package  and  the  time  and  effort  saved  during 
the  design  process  cannot  be  overemphasized.  Each  aspect  of  the  design  process 
has  reinforced  and  contributed  to  the  existing  knowledge  of  PI  control  law  design 
and  the  highlights  presented  in  this  chapter  summarize  the  results  of  Chapter  5 
and  6.  This  chapter  concludes  with  recommendations  for  further  research  in  this 
area  of  study. 

7.2  Conclusions 

For  both  the  fixed  gain  and  adaptive  controllers,  knowledge  of  the  charac¬ 
teristics  of  the  plant  are  needed  prior  to  design  and  implementation  of  the  PI 
controller.  This  knowledge  includes  controllability  and  observability  determina¬ 
tion,  transmission  zero  location(s),  and  open-loop  eigenvalues.  Also  a  check  on 
the  control  input  needed  to  perform  the  desired  maneuvers  gives  insight  into  the 
capabilities  of  the  system.  The  high  points  of  the  research  for  the  fixed  gain  and 
adaptive  controller  are  itemized  in  the  following  sections. 

7.2.1  Fixed  Gain  Controller  1.  Criteria  must  be  carefully  chosen  to  evalu¬ 
ate  the  aircraft  performance  with  the  controller.  This  criteria  provides  a  solid  base 
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for  controller  design  and  should  include  allowable  overshoot  and  steady  state  error 
in  output  responses,  control  surface  deflection  rates  and  limits,  and  determination 
of  the  steady-  state  control  inputs  needed  to  sustain  the  chosen  outputs. 

2.  The  selection  of  design  parameters  for  both  the  continuous  and  discrete 
controllers  is  facilitated  by  use  of  the  frequency  domain  analysis  of  the  open  and 
closed-loop  responses.  The  discrete  system  design  is  simplified  by  transformation 
of  the  open  ^lnd  closed-loop  plant  and  controller  into  the  discrete  W’-domain, 
rather  than  the  Z-domain,  where  standard  Bode  analysis  is  made.  In  addition,  the 
Nichols  plot  is  an  invaluable  aide  in  pictorially  illustrating  gain  and  phstse  margin, 
especially  with  aircraft  systems  that  are  statically  unstable  and  having  both  low 
and  high  frequency  gain  margins.  The  computer  aided  design  package  MATRIX* 
2issists  the  iterative  process  for  selection  of  the  design  variables.  However,  careful 
analysis  of  the  phase  angle  data  is  necessary  to  insure  that  the  CAD  program  is 
properly  presenting  the  correct  angle  condition.  MATRIX*  often  adds  or  subtracts 
360  degrees  from  phase  angle  data  to  provide  a  continuous  plot,  which  distorts  the 
actual  results  and  complicates  controller  performance  evaluation. 

3.  The  capability  of  the  controller  to  maintain  the  desired  tracking  response 
and  decoupled  output  in  all  flight  conditions  is  exceptional!  Minimizing  the  cou¬ 
pling  of  the  output  insures  the  fast  tracking  characteristics  of  the  PI  controller  are 
optimized.  Minimal  cross-coupling  occurs  when  a  50  percent  loss  of  effectiveness 
of  the  left  canard  is  simulated  in  the  ACM  Entry  Eind  TF /TA  flight  conditions. 
However,  in  all  cases  the  steady  state  values  are  less  than  two  degrees  and  2  ft/sec 
for  angle  and  velocity  changes  respectively.  These  aje  well  within  the  permissible 
bounds. 

4.  The  addition  of  the  3rd  order  model  following  input  filter  significantly 
reduces  the  high  frequency  spikes  in  the  output  and  decreases  the  surface  deflection 
positions  and  rates.  Furthermore,  tracking  fidelity  is  maintained  with  the  overall 
response  being  much  smoother.  Also,  the  closed-loop  system  bandv/idth  is  reduced 
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from  approximately  15  rad/sec  to  less  than  10  rad/sec. 

5.  The  discrete  controller  design  provides  output  responses  that  are,  in  gen¬ 
eral,  better  than  the  continuous  time  system.  A  sampling  frequency  of  40  Hz 
used  in  the  controller  did  not  degrade  controller  performance  when  compared  to 
an  80  Hz  design.  The  similarity  in  developing  continuous  and  discrete  designs  is 
one  of  the  many  advantages  of  the  design  method.  In  the  discrete  case,  the  con¬ 
troller  gains  Ki  and  K2  are  calculated  using  both  state-  space  relationships  and 
the  step- response  matrix  plant  characteristics  with  appropriate  weighting  matrices. 
Although  the  plant  is  statically  unstable  and  conventional  open-loop  step  response 
matrix  testing  is  not  possible,  the  plant  can  be  represented  by  an  autoregressive 
difference  equation  with  the  coefficients  of  this  equation  used  to  determine  the  step 
response  matrix.  In  general,  the  PI  controller  responses  obtained  using  the  gains 
calculated  from  this  method  were  much  better  than  either  the  continuous  time  de¬ 
sign  or  the  discrete  controller  using  gains  calculated  from  state-space  relationships. 
Appropriate  selection  of  the  weighting  matrices  for  the  fixed  gain  controller  using 
the  step  response  matrix  method  simplifies  the  adaptive  design  technique  by  fixing 
the  controller  design  parameters. 

6.  The  ultimate  goal  of  the  PI  control  law  design  is  to  find  a  set  of  gains 
capable  of  satisfactory  performance  over  the  entire  flight  envelope.  In  reality  this 
is  doubtful,  but  a  set  of  gains  calculated  at  a  high  q  condition  can  often  provide  a 
stable  response  at  other  flight  conditions.  For  this  research,  the  controller  gains, 
K\  and  K2  calculated  at  the  TF /TA  flight  condition  performed  satisfactorily  for  all 
failures  considered  at  this  part  of  the  flight  envelope  and  provided  a  stable  response 
for  66  percent  of  the  remaining  flight  conditions  and  aircraft  configurations. 

7.2.2  Adaptive  Controller  1.  As  flight  conditions  and  aircraft  configura¬ 
tions  change,  the  plant  properties  (parameters)  change  to  reflect  the  new  charac¬ 
teristics  of  the  plant.  These  changes  in  the  plant  are  observed  using  input /output 


7-3 


data.  Consequently,  the  PI  control  law  gains  can  be  adjusted  as  these  changes  oc¬ 
cur  as  they  are  calculated  from  the  current  representation  of  the  plant.  The  use  of 
the  autoregressive  moving  average  (ARMA)  discrete  difference  equation  to  repre¬ 
sent  the  plant  parameters  provides  a  2nd  order  difference  equation  with  100  plant 
parameters.  Using  this  reduced  order  difference  equation  provide  by  the  ARMA 
representation  allows  a  recursive  least  squares  (RLS)  parameter  estimation  scheme 
that  estimates  all  plant  parameters. 

2.  The  estimating  scheme  is  standard  RLS  without  consideration  of  a  for¬ 
getting  factor.  The  rate  of  adaption  is  controlled  via  the  noise  variance  term, 
at,  and  immensely  simplifies  the  design  process.  Since  the  controller  weighting 
matrices  are  established  from  the  fixed  gain  design,  only  one  design  parameter  is 
adjusted.  Selecting  the  proper  value  of  at  is  an  iterative  process,  but  it  is  simplified 
by  using  MATRIX*  .  Double  precision  matrix  inversion  FORTRAN  subroutines 
performed  quite  well  and  eliminated  the  need  for  U-D  factorization  required  when 

•  ill-conditioned  matrices  exist. 

3.  The  selected  failure  to  test  the  RLS  adaption  is  a  30  percent  loss  of 
effectiveness  of  the  left  trailing  edge  which  fell  into  the  approximate  30  percent  of 
the  flight  conditions  that  could  not  be  used  with  a  universal  gain  controller.  The 
failure  was  introduced  two  seconds  into  the  simulation  and  the  rate  of  adaption 
and  reestablishment  of  control  was  extraordinary.  The  response  settles  back  to 
steady  state  within  three  seconds  after  the  failure  is  introduced  with  control  surface 
deflections  and  rates  well  within  normal.  Readjustment  of  the  controller  gains 
resulted  in  good  performance  in  all  cases. 

4.  In  most  cases,  the  tracking  of  plant  parameters  is  not  a  concern.  Time 
history  graphs  of  plant  parameter  values  indicate  no  divergence  in  parameter  es¬ 
timates  and  steady-state  values  reached.  However,  during  the  adaption  process 
fluctuations  in  individual  estimates  occur.  Since  the  gain  calculations  are  beised 
upon  different  linear  combinations  of  all  the  parameters,  erratic  behavior  of  the 
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parameters  does  not  have  a  significant  affect  on  the  gain  calculations.  Typically, 
the  fiuctuations  are  of  small  magnitude.  Of  prime  importance  is  the  stability  and 
response  of  the  output,  not  how  each  parameter  is  changing! 

5.  The  actual  time  to  perform  the  recursive  least  squares  estimation  in  the 
FORTRAN  program  is  about  0.072  seconds  (VAX  8650),  or  three  sample  periods. 
Since  the  simulation  updates  the  control  law  each  sample  period,  a  means  to  eval¬ 
uate  the  controller  for  the  actual  time  is  necessary.  MATRIX*  has  the  capability 
to  simulate  the  effects  of  this  computational  delay.  Simulation  results  with  a  three 
sample  period  delay  introduced  in  the  computational  loop  show  little  degradation 
in  output  response. 

7.S  Recommendations  for  Further  Study 

The  CRCA  provides  a  unique  test  bed  for  the  development  of  a  suitable 
control  law  because  of  the  complexity  of  aerodynamic  cross-coupling.  This  thesis 
presents  an  initial  attempt  to  demonstrate  the  effectiveness  of  the  fixed  gain  and 
adaptive  controller  at  several  points  in  the  flight  envelope.  Simplicity  in  the  im¬ 
plementation  of  the  recursive  least  squares  estimation  of  plant  parameters  demon¬ 
strates  an  ability  to  accomplish  on-line  estimation  and  control  law  updating.  How¬ 
ever,  certain  issues  and  concerns  need  to  be  investigated  and  evaluated  to  further 
reinforce  the  robustness  of  the  design  technique.  The  following  list  offers  areas  of 
interest. 

1.  The  PID  control  law  can  eliminate  the  need  for  the  measurement  ma¬ 
trix,  M,  when  an  irregular  plant  configuration  exists.  Thus,  the  slow  modes  of 
the  system  introduced  by  the  measurement  matrix  are  eliminated.  A  PID  adaptive 
controller  implementation  is  recommended  after  first  stabilizing  the  plant.  Demon¬ 
stration  of  an  acceptable  PID  controller  design  and  ease  of  design  for  both  fixed 
gain  and  adaptive  control  needs  to  be  accomplished. 

2.  The  simulation  for  the  adaptive  controller  should  include  the  effects  of 
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noise  and  other  disturbances.  Persistent  excitation  and  a  sufficiently  rich  input 
aides  the  adaption  process  and  the  intentional  introduction  of  some  sensor  noise 
may  improve  the  response,  but  a  simulation  under  varied  conditions  should  be 
checked.  In  the  event  noise  degrades  the  performance  of  the  controller,  application 
of  Kalman  filtering  techniques  may  provide  a  strong  solution. 

3.  The  rate  of  adaption  and  stable  output  response  is  adjusted  using  the 
noise  variance  term,  qj,  in  the  RLS  algorithm.  Although,  this  simplicity  of  design 
performed  satisfactorily,  investigation  of  alternative  ways  to  tailor  the  output  re¬ 
sponse  is  necessary.  Filtering  of  input/output  data  entering  the  adaptive  algorithm 
or  filtering  the  gain  estimates  generated  by  the  adaptive  algorithm  axe  other  ways 
to  adjust  the  response  and  may  provide  a  viable  option. 

4.  The  controller  and  associated  aircraft  dynamics  should  be  simulated  on 
an  analog  computer,  such  as  the  SIMSTAR,  in  real  time.  In  this  case,  the  Neal- 
Smith  Criterion  or  the  Cooper-Harper  flying  quality  ratings  could  be  applied  to 
the  controller  design  with  pilot  in  the  loop  simulations. 


I 
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Appendix  A.  Aircraft  Data 


Introduction 

This  appendix  contains  the  aircraft  data  used  at  the  flight  conditions  of  ACM 
Entry,  ACM  Exit,  and  TF /TA.  Included  are  the  stability  coefficients  used  in  the 
Flight  Dynamics  Lab  computer  program  LEMCO,  Linearized  Equations  of  Motion, 
and  the  corresponding  output  of  the  A,  B  and  C  state  space  matrices  used  in  the 
design.  The  appendix  concludes  with  a  listing  of  the  equivalent  ARMA  difference 
equation  coefficients  at  each  linearized  flight  condition.  The  information  contained 
in  Table  A.l  through  Table  A. 7  was  obtained  from  the  Flight  Dynamics  Lab  CRCA 
support  personnel. 

Stability  Coefficients  and  State  Space  Models 

4  •  The  Flight  Dynamics  Lab  at  Wright-Patterson  AFB,  in  conjunction  with 

Grumman  and  Lear  Corporation,  has  provided  a  comprehensive  listing  of  the 
aircraft  stability  coefficients  at  each  of  the  flight  conditions  desired.  Table  A.l 
through  Table  A.l  provide  reproduction  of  this  data  for  the  values  representing 
the  aircraft  at  the  analyzed  flight  condition.  The  program  LEMCO  performed  the 
linearization  of  the  equations  of  motion  at  the  equilibrium  condition  using  these 
coefficient  values.  The  program  output  provides  complete  state  space  A  and  B 
matrices.  Table  A. 8  through  Table  A.  14  reflect  the  output  generated  by  LEMCO, 
but  rearranged  in  the  form  necessary  for  the  Porter  control  law  analysis.  The  state 
variables  are  those  values  listed  in  Chapter  2. 
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Table  A.l.  ACM  Entry  Aero  Data  -  No  Failures 


Flight  Condition 


M 

=  .9 

9 

Alt 

=  30,000  ft 

Thrust 

V 

=  895  ft/sec 

Aircraft  Attitude 

DLFLP 

a 

=  2.02  deg 

e 

/3 

=  0.00  deg 

Surface  Positions  (deg) 

<t> 

CL 

=  -5.09 

TEIL 

CR 

=  -5.09 

TEIR 

DTEISL  =2.586 

TE2L 

DTElSR  =2.586 

TE2R 

RUDR 

=  0.0 

Stability  Derivatives 

Longitudinal 

Cma 

=  .0063  (deg-*) 

Cmy 

Cna 

=  .0761  (deg-*) 

C„u 

C’oa 

=  -.0039  (deg-*) 

Lateral /Directional 

C^g 

=  -.0067  (deg-*) 

Cnp 

Cir 

=  .0610  (rad-*) 

Cig 

Cip 

=  -.2530  (rad-*) 

Cr^r 

=  .0012  (deg-*) 

A-2 


356.3 
6134  lb 
0.0  deg 


2.02  deg 
0.00  deg 


2.586 

2.586 

2.586 

2.586 


-3.4000  (rad-*) 
-.0110  (mac/i-*) 


-.0290  (rad-*) 
.0014  (deg-*) 
-.5270  (rad-*) 


Table  A.l  ACM  Entry  Aero  Data  -  No  Failures  (cont) 
Control  Derivatives  {deg~^) 


Surface 

CmS 

CnS 

Ca6 

C’i6 

Left  Canard 

.00588 

.00146 

.00019 

.00132 

.00022 

.00136 

Right  Canard 

.00588 

.00146 

.00019 

-.00132 

-.00022 

-.00136 

L  Obd  Flaperon 

-.00125 

.00286 

.00040 

-.00043 

.00053 

.00006 

L  Inbd  Flaperon 

-.00165 

.00443 

.00061 

-.00067 

.00064 

.00008 

Left  Elevator 

-.00116 

.00338 

.00047 

-.00051 

.00032 

.00006 

Right  Elevator 

-.00116 

.00338 

.00047 

.00051 

-.00032 

-.00006 

R  Inbd  Flaperon 

-.00165 

.00443 

.00061 

.00067 

-.00064 

-.00008 

R  Obd  Flaperon 

-.00125 

.00286 

.00040 

.00043 

-.00058 

-.00006 

Rudder 

0 

0 

0 

.00255 

.00033 

-.00152 
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Table  A. 2.  ACM  Entry  Aero  Data  -  30  Percent  Loss  of  Effectiveness  TEL 


Flight  Condition 


M 

=  .9 

Q 

= 

356.3  /V/f^ 

Alt 

=  30,000  ft 

Thrust 

= 

5431  lb 

V 

=  895  ft /sec 

DLFLP 

— 

-2.5  deg 

Aircraft  Attitude 

u 

2.56  deg 

e 

— 

2.56  deg 

0 

=  0.00  deg 

<i> 

— 

0.00  deg 

Surface  Positions  (deg) 

CL 

=  -7.025 

TElL 

— 

1.699 

CR 

=  -7.024 

TEIR 

= 

.990 

DTEISL  =  1.699 

TE2L 

= 

1.699 

DTEISR  =  .990 

TE2R 

=: 

.990 

RUDR 

=  .001 

Stability  Derivatives 

Longitudinal 

=  .0063  (de(7-i) 

Cmq 

= 

-3.5500  (rad-' 

Cna 

=  .0739  {deg-'^) 

Cnu 

-.0110  [mach~ 

Cac. 

—  -.0040  (deg"‘) 

Lateral/Directional 

=  -.0071  ideg-'^) 

Cnj> 

— 

-.0370  (rad-') 

Clr 

=  .0640  (rad'‘) 

Ci8 

= 

-.0016  (deff-'j 

Cip 

=  -.2650  (rad-') 

Cnr 

= 

-.5310  (rad-') 

Cn/S 

=  .0013  {deg-^) 

I! 

! 
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Table  A. 2  ACM  Entry  Aero  Data  -  30  Percent  Loss  of  Effectiveness  TEL  (cont) 

Control  Derivatives  (deg~^) 


Surface 

Cn6 

Ca6 

CyS 

Cu 

Cn6 

Left  Canard 

.00589 

.00152 

.00024 

.00134 

.00023 

.00137 

Right  Canard 

.00589 

.00152 

.00024 

-.00137 

-.00022 

-.00135 

L  Obd  Flaperon 

-.00124 

.00287 

.00036 

-.00055 

.00058 

.00008 

L  Inbd  Flaperon 

.00000 

.00000 

.00000 

.00000 

.00000 

.00000 

Left  Elevator 

-.00115 

.00339 

.00043 

-.00065 

.00032 

.00007 

Right  Elevator 

-.00115 

.00339 

.00037 

.00065 

-.00032 

-.00007 

R  Inbd  Flaperon 

-.00164 

.00445 

.00048 

.00085 

-.00064 

-.00010 

R  Obd  Flaperon 

-.00124 

.00287 

.00031 

.00055 

-.00058 

-.00008 

Rudder 

0 

0 

0 

.00257 

.00033 

-.00154 
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Table  A. 3.  ACM  Entry  Aero  Data  -  50  Percent  Loss  of  Effectiveness  CL 


Flight  Condition 


M 

.9 

9 

= 

356.3  Ihjft 

Alt 

30,000  ft 

Thrust 

= 

5909  lb 

V 

895  ft /sec 

DLFLP 

= 

-2.5  deg 

Aircraft  Attitude 

a  = 

2.30  deg 

e 

= 

2.30  deg 

0 

-1.44  deg 

4> 

= 

0.00  deg 

Surface  Positions  (deg) 

CL 

=  -6.452 

TEIL 

— 

1.686 

CR 

=  -7.655 

TEIR 

= 

1.728 

DTEISL 

=  1.686 

TE2L 

= 

1.686 

DTEISR 

=  .990 

TE2R 

= 

1.728 

RUDR 

=  -1.204 

Longitudinal 


Stability  Derivatives 


.0038  {deg-') 
.0753  (deg-') 
-.0041  [deg-') 


-3.5000  (rad-') 
-.0110  [mach-') 


Lateral/Directiona! 


vQ 

=  -.0075  (deg-') 

Cnp 

=  .0330  (rad-') 

t 

It 

=  .0630  (rad-') 

Cig 

=  -.0015  (deg-') 

f 

=  -.2590  (rad-’) 

Cnr 

=  -.5250  (rad-’) 

=  .0015  (deg-') 
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Table  A. 3  ACM  Entry  Aero  Data  -  50  Percent  Loss  of  Effectiveness  CL  (cont) 

Control  Derivatives  {deg~^) 


Surface 

CmS 

C„f 

CaS 

Ch 

Cni 

Left  Canard 

.00294 

.00075 

.00022 

.00070 

.00014 

.00068 

Right  Canard 

.00588 

.00150 

.00022 

-.00061 

-.00009 

-.00068 

L  Obd  Flaperon 

-.00125 

.00287 

.00037 

-.00049 

.00058 

.00007 

L  Inbd  Flaperon 

-.00165 

.00444 

.00057 

-.00076 

.00064 

.00009 

Left  Elevator 

-.00115 

.00338 

.00043 

-.00058 

.00032 

.00006 

Right  Elevator 

-.00115 

.00338 

.00043 

.00058 

-.00032 

-.00006 

R  Inbd  Flaperon 

-.00165 

.00444 

.00057 

.00076 

-.00064 

-.00009 

R  Obd  Flaperon 

-.00125 

.00287 

.00037 

.00049 

-.00058 

-.00007 

Rudder 

0 

0 

0 

.00256 

.00033 

-.00153 
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Table  A.4.  ACM  Exit  Aero  Data  -  No  Failures 


Flight  Condition 


M 

=  .275 

9 

Alt 

=  10,000  ft 

Thrust 

V 

=  296  ft/sec 

DLFLP 

Aircraft  Attitude 

a 

=  2.56  deg 

e 

3 

=  3.59  deg 

<P 

Surface  Positions  (deg) 

CL 

=  -19.17 

TEIL 

CR 

=  -19.90 

TEIR 

DTEISL  =  19.70 

TE2L 

DTEISR  =  11.40 

TE2R 

RUDR 

=  -.727 

Stability  Derivatives 

Longitudinal 

Cma 

=  .0054  (de(?-*) 

^mq 

Cno 

=  .0587  (dc<7'‘) 

C'nu 

Caa 

=  .0006  (deg-*) 

Lateral  /  D  irect  ional 

Cyg 

=  -.0027  (deg-*) 

Cnp 

Clr 

=  .1840  (rad-*) 

C<s 

Cjp 

=  -.2760  (rad-*) 

Cnr 

Cn0 

=  .0002  (deg-*) 

=  77.0  lb/ ft^ 
47092  lb 
30.0  deg 


=  5.74  deg 
=  -70.53  deg 


=  19.74 
=  11.40 
=  19.74 
=  11.40 


=  -5.6300  (rad'i) 
=  -.0110  {mach~^) 


=  -.1000  (rad-‘) 
=  -.0018  (deff-*) 
=  .0840  {r ad- 
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Table  A.4  ACM  Exit  Aero  Data  -  No  Failures  (cont) 


Control  Derivatives  (deg  *) 


Surface 

Cm6 

CnS 

Ca6 

Cys 

Cie 

Cn6 

Left  Canard 

.00431 

.00323 

-.00054 

.00467 

.00015 

.00172 

Right  Canard 

.00418 

.00314 

-.00060 

-.00443 

-.00045 

-.00156 

L  Obd  Flaperon 

-.00048 

.00181 

.00028 

-.00042 

.00032 

-.00005 

L  Inbd  Flaperon 

-.00064 

.00278 

.00044 

-.00065 

.00036 

-.00007 

Left  Elevator 

-.00044 

.00213 

.00033 

-.00050 

.00018 

-.00005 

Right  Elevator 

-.00044 

.00213 

.00033 

.00050 

-.00018 

.00005 

R  Inbd  Flaperon 

-.00064 

.00278 

.00044 

.00066 

-.00036 

.00007 

R  Obd  Flaperon 

-.00048 

.00181 

.00028 

.00043 

-.00032 

.00005 

Rudder 

0 

0 

0 

.00282 

.00037 

-.00168 

Table  A. 5.  TF /TA  Aero  Data  -  No  Failures 


Flight  Condition 


M 

=  .9 

9 

= 

1200.0  Ib/ft^ 

Alt 

=  Sea  Level 

Thrust 

19180  lb 

V 

=  1005  ft /sec 

DLFLP 

= 

0.0  deg 

Aircraft  Attitude 

o 

=  0.79  deg 

8 

0.79  deg 

0 

=  0.00  deg 

4> 

= 

0.00  deg 

Surface  Positions  (deg) 

CL 

=  -4.695 

TEIL 

=: 

3.718 

CR 

=  -4.695 

TElR 

= 

3.718 

DTEISL  =3.718 

TE2L 

= 

3.718 

DTEISR  =3.718 

TE2R 

= 

3.718 

RUDR 

=  .000 

Stability  Derivatives 

Longitudinal 

Cma 

=  .0061  (dej-*) 

Ctnq 

= 

-3.1600  (rod-*) 

Cna 

=  .0766  (deg-*) 

C'nu 

-.0110  (moch-*) 

Caa 

=  .0001  (deg-*) 

Lateral/ Directional 

CyB 

=  -.0061  (deg-*) 

Cnp 

— 

-.0120  (rod-*) 

C^r 

=  .0540  (rad-*) 

CiB 

= 

-.0010  (deg-*) 

Cip 

=  -.2260  (rod-*) 

C'nr 

-.5100  (rod-*) 

CnB 

=  .0012  (deg-*) 
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Table  A. 5  TF/TA  Aero  Data  -  No  Failures  (cont) 


Control  Derivatives  {deg 


Surface 

Cmi 

Cni 

Cat 

CyS 

Cit 

Cnt 

Left  Canard 

.00411 

.00093 

-.00045 

.00170 

.00020 

.00132 

Right  Canard 

.00411 

.00093 

-.00045 

-.00170 

-.00020 

-.00132 

L  Obd  Flaperon 

-.00070 

.00155 

.00023 

-.00009 

.00032 

.00001 

L  Inbd  Flaperon 

-.00092 

.00240 

.00035 

-.00014 

.00036 

.00002 

Left  Elevator 

-.00064 

.00183 

.00027 

-.00011 

.00018 

.00001 

Right  Elevator 

-.00064 

.00183 

.00027 

.00011 

-.00018 

-.00001 

R  Inbd  Flaperon 

-.00092 

.00240 

.00035 

.00014 

-.00036 

-.00002 

R  Obd  Flaperon 

-.00070 

.00155 

.00023 

.00009 

-.00032 

-.00001 

Rudder 

0 

0 

0 

.00250 

.00032 

-.00149 

Table  A.6.  TF /TA  Aero  Data  -  30  Percent  Loss  of  Effectiveness  TEL 


Flight  Condition 


M 

=  .9 

Q 

Alt 

=  Sea  Level 

Thrust 

V 

=  1005  ft/sec 

Aircraft  Attitude 

DLFLP 

a 

=  0.91  deg 

6 

0 

=  0.00  deg 

Surface  Positions  (deg) 

4> 

CL 

=  -5.100 

TEIL 

CR 

=  -5.099 

TEIR 

DTEISL  =5.022 

TE2L 

DTEISR  =2.926 

TE2R 

RUDR 

=  .000 

Stability  Derivatives 

Longitudinal 

Cma 

=  .0062  (dej-') 

^mq 

Cna 

=  .0747  (dej-’i 

Coa 

=  -.0005  (deg-’) 

Lateral /Direc  tional 

C,3 

=  -.0060  (dcg-‘) 

Crip 

Cl. 

=  .0540  (rad-’) 

ClB 

Cip 

=  -.2280  (rad-’) 

Cnr 

Cn3 

=  .0012  (deg-’) 

I 


1200.0  /6//t* 
18839  lb 
=  0.0  deg 


=  0.91  deg 
=  0.00  deg 


5.022 
=  2.926 
=  5.022 
=  2.926 


=  -3.1700  (rad-’) 
=  -.0110  (mach-’) 


=  -.0140  (rad-’) 
=  -.0010  (dcff-’j 
=  -.5140  rad-’) 
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Table  A.6  TF /TA  Aero  Data  -  30  Percent  Loss  of  Effectiveness  TEL  (cont) 

Control  Derivatives  {deg~^) 


Surface 

^m6 

Cn6 

Cat 

Cye 

Cl6 

Cn6 

Left  Canard 

.00412 

.00094 

-.00048 

.00174 

.00020 

.00132 

Right  Canard 

.00412 

.00094 

-.00048 

-.00174 

-.00020 

-.00132 

L  Obd  Flaperon 

-.00070 

.00155 

.00022 

-.00011 

.00032 

.00001 

L  Inbd  Flaperon 

.00000 

.00000 

.00013 

.00000 

.00000 

.00000 

Left  Elevator 

-.00064 

.00183 

.00027 

-.00013 

.00018 

.00001 

Right  Elevator 

-.00064 

.00183 

.00027 

.00013 

-.00018 

-.00001 

R  Inbd  Flaperon 

-.00092 

.00240 

.00035 

.00016 

-.00036 

-.00002 

R  Obd  Flaperon 

-.00070 

.00155 

.00022 

.00011 

-.00032 

-.00001 

Rudder 

0 

0 

0 

.00250 

.00033 

-.00149 

Table  A. 7.  TF/TA  Aero  Data  -  50  Percent  Loss  of  Effectiveness  CL 


Flight  Condition 


M 

=  .9 

9 

= 

1200.0  /6//t* 

Alt 

=  Sea  Level 

Thrust 

= 

20021  lb 

V 

=  1005  ft/sec 

DLFLP 

= 

0.0  deg 

Aircraft  Attitude 

a 

=  0.67  deg 

6 

= 

0.67  deg 

IS 

=  -0.01  deg 

4> 

0.00  deg 

Surface  Positions  (deg) 

CL 

=  -4.964 

TEIL 

4.639 

CR 

=  -5.515 

TEIR 

= 

4.177 

DTEISL  =4.639 

TE2L 

=: 

4.639 

DTEISR  =4.177 

TE2R 

= 

4.177 

RUDR 

=  -.551 

Stability  Derivatives 

Longitudinal 

^ma 

=  .0036  (deg-‘) 

^rnq 

-3.1300  (rad-*) 

Cna 

=  .0760  (deg-^) 

Cnu 

-.0110  (mach-*) 

Caa 

=  .0005  (deg-^) 

Lateral  Directional 

Cy0 

=  -.0061  (deg-*) 

Cnp 

— 

-.0110  (rad-*) 

Ctr 

=  .0530  (rad-*) 

Cl0 

= 

-.0010  (deg-*) 

C/p 

=  -.2230  (rad-*) 

Cnr 

-.5100  (rad-*) 

=  .0012  (deg-*) 
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Table  A. 7  TF/TA  Aero  Data-  50  Percent  Loss  of  Effectiveness  CL  (cont) 

Control  Derivatives  [deg~^) 


Surface 

CmS 

CnS 

Cat 

Cyt 

Cis 

Cnt 

Left  Canard 

.00206 

.00046 

-.00048 

.00094 

.00011 

.00065 

Right  Canard 

.00414 

.00093 

-.00054 

-.00000 

-.00009 

-.00066 

L  Obd  Flaperon 

-.00070 

.00155 

.00023 

-.00008 

.00032 

.00001 

L  Inbd  Flaperon 

-.00092 

.00240 

.00035 

-.00012 

.00036 

.00001 

Left  Elevator 

-.00065 

.00183 

.00027 

-.00009 

.00018 

.00001 

Right  Elevator 

-.00065 

.00183 

.00027 

.00009 

-.00018 

-.00001 

R  Inbd  Flaperon 

-.00092 

.00240 

.00035 

.00012 

-.00036 

-.00001 

R  Obd  Flaperon 

-.00070 

.00155 

.00023 

.00008 

-.00032 

-.00001 

Rudder 

0 

0 

0 

.00249 

.00032 

-.00149 

Table  A. 8.  ACM  Entry  Matrices  -  No  Failures 


.0000 

.0000 

.0000 

.0000 

1.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

1.0000 

.0350 

-32.1804 

.0000 

-.0119 

-.0186 

-31.2350 

.0000 

.0000 

.0000 

-1.0634 

.0000 

-.0324 

-1.0634 

894.4548 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0069 

-.6015 

.0000 

.0000 

.0000 

.0000 

.0360 

.0000 

.0000 

.0000 

-.0929 

.0349 

-.9994 

.0000 

.0000 

.0000 

.0000 

.0000 

-27.8066 

-2.0376 

.4913 

.0000 

.0000 

.0000 

.0000 

.0000 

2.4582 

-.0241 

-.4377 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0010 

.0411 

.0411 

.1322 

.0866 

1322 

.0866 

.1018 

.1018 

.0000 

-.3163 

-.3163 

-.9597 

-.6194 

-.9597 

-.6194  -1.0183 

-1.0183 

.0000 

.1014 

.1014 

-.0284 

-.0215 

-.0284 

-.0215  - 

.0200 

-.0200 

.0000 

.0003 

-.0003 

-.0002 

-.0001 

.0002 

.0001  - 

.0001 

.0001 

.0006 

.0762 

-.0762 

.2219 

.2011 

-.2219 

-.2011 

.1109 

-.1109 

.1144 

.0486 

-.0486 

.0029 

.0021 

-.0029 

-.0021 

.0021 

-.0021 

-.0544 

.0000 

.0000 

1.0000 

.0849  .0000  .0000 

.0000 

.0000  ■ 

.0000 

.0000 

.0000 

.0000  .0000  1.0000 

.0000 

.0000 

C  = 

1.0000 

.0000 

.0000 

.0000  .0000  .0000 

.0000 

.0000 

.0000 

1.0000 

.0000 

.0000  .0000  .0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000  .0000  .0000 

.0000 

1.0000 

B  Matrix  for  Five  Control  Surfaces 


B 


.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0411 

.0411 

.3206 

.3206 

.0000 

-.3163 

-.3163 

-2.5974 

-2.5974 

.0000 

.1014 

.1014 

-.0699 

-  .0699 

.0000 

.0003 

-.0003 

-.0004 

.0004 

.0006 

.0762 

-.0762 

.5339 

-.5339 

.1144 

.0486 

-.0486 

.0071 

-.0071 

-.0544 

x=  [ 

6  (j)  u 

ti'  9  (3 

P 

(A.l) 

u  = 

[  ^cl  ^cr 

^ter  ^tet 

■ir 

^rud  J 

(^■2) 
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Table  A. 9.  ACM  Entry  Matrices  -  30  Percent  Loss  Of  Effectiveness  TEL 


.0000  .0000 

.0000 

.0000 

1.0000 

.0000 

.0000 

.0000 

.0000  .0000 

.0000 

.0000 

.0000 

.0000 

1.0000 

.0450 

-32.1420  .0000 

-.0050 

.0550 

-39.9760 

.0000 

.0000 

.0000 

-1.4870  .0000 

-.0240 

-1.0280 

894.1070 

.0000 

.0000 

.0000 

.0000  .0000 

.0000 

.0070 

-.6920 

.0000 

.0000 

.0000 

.0000  .0360 

.0000 

.0000 

.0000 

-.0990 

.0450  - 

-.9990 

.0000  .0000 

.0000 

.0000 

.0000  -31.8340  - 

2.1880 

.5160 

.0000  .0000 

.0000 

.0000 

.0000 

2.6670 

-.0310  - 

-.4420 

.0000  .0000 

.0000 

.0000 

.0000  .0000 

.0000 

.0000 

.0000 

.0000  .0000 

.0000 

.0000 

.0000  .0000 

.0000 

.0000 

.0000 

.0520  .0520 

.0000 

.0780 

.1040  .0670 

.0930 

.0800 

.0000 

-.3300  -.3300 

.0000 

-.6220  - 

.9650  -.6220 

-.7350 

-.7350 

.0000 

.1020  .1020 

.0000 

-.0210  - 

.0280  -.0210 

-.0200 

-.0200 

.0000 

.0000  .0000 

.0000 

.0000 

.0000  .0000 

.0000 

.0000 

,0010 

.0800  -.0760 

.0000 

.2010  - 

.2220  -.2010 

.1110 

-.1110 

.1150 

.0490  -.0480 

.0000 

.0030  - 

.0040  -.0030 

.0080 

-.0050 

.0550 

.0000 

.0000  1.0000  .0410  .0000  .0000  .0000 

.0000  ■ 

.0000 

.0000 

.0000  .0000  .0000  1.0000  .0000 

.0000 

= 

1.0000 

.0000 

.0000  .0000  .0000  .0000  .0000 

.0000 

.0000  1.0000 

.0000  .0000  0000  .0000  .0000 

,0000 

.0000 

.0000 

.0000  .0000  .0000  .0000  .0000 

1,0000 

B  Matrix  for  Five  Control  Surfaces 


B 


.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0520 

.0520 

.1710 

.2510 

.0000 

-.3303 

-.3300 

-1.3570 

-2.3220 

.0000 

.1020 

.1020 

-.0410 

-  .0690 

.0000 

.0000 

.0000 

.0000 

.0000 

.0010 

.0800 

-  .0760 

.3120 

-.5340 

.1150 

.0490 

-.0480 

.0060 

-.0100 

.0550 

X-  [ 

0  <p  u 

XV  q  3 

P  rf 

(A.3) 

[ 

^ci  ^cr 

■.r 

^rud  J 

(A.4) 
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Table  A.  10.  ACM  Entry  Matrices  -  50  Percent  Loss  Of  Effectiveness  CL 


.0000 

.0000 

.0000 

.0000 

1.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

1.0000 

.0390 

-32.1500 

.0000 

-.0080 

.0580 

-36.6690 

.0000 

.0000 

.0000 

-1.2*160 

.0000 

-.0290 

-1.0450 

894.3280 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0040 

-.6460 

.0000 

.0000 

.0000 

.0000 

.0360 

.0000 

.0000 

.0000 

-.0820 

.0890 

-.9990 

.0000 

.0000 

.0000 

.0000 

.0000 

-23.8380 

-2.0700 

.4990 

.0000 

.0000 

.0000 

.0000 

.0000 

2.4580 

-.0270 

-.4520 

B 


.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

-.1560 

-.1150 

.1320 

.0840 

.1320 

.0840 

.1000 

.1000 

.0000 

-.1150 

-.2250 

-.9610 

-.6210 

-.9610 

-.6210 

-.7320 

-.7320 

0000 

.0360 

.0720 

-.0280 

-.0220 

-.0280 

-.0220 

-.0200 

-.0200 

.0000 

.0000 

-.0010 

.0000 

.0000 

.0000 

.0000 

.0000 

,0000 

.0010 

.0350 

-  .0690 

.2220 

.2010 

-.2220 

-.2010 

.1110 

-  1110 

.1140 

.0240 

-.0490 

.0030 

.0030 

-.0030 

-.0030 

.0020 

-.0020 

-.0550 

.0000 

.0000 

1.0000 

.0349 

.0000 

.0000 

.0000 

.0000  ■ 

.0000 

.0000 

.0000 

.0000 

.0000 

1.0000 

.0000 

.0000 

= 

1.0000 

.0000 

.0000 

.0000 

.0000 

,0000 

.0000 

.0000 

.0000 

1.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

,0000 

.0000 

1.0000 

A 


i 


■ 


B  Matrix  for  Five  Control  Surfaces 


« 


,0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

-.1560 

-.1150 

.3160 

.3160 

.0000 

-.1150 

-.2250 

-2.3140 

-2.3140 

.0000 

.0360 

.0720 

-  .0700 

-.0700 

.0000 

.0000 

-.0010 

.0000 

.0000 

,0010 

.0350 

-.0690 

.5340 

-.5340 

.1140 

.0240 

-  .0490 

.0080 

-.0080 

-.0550 

^  =  [ 

B  (t>  u 

w  q  3 

-  T 

P  r 

(A.5) 

u  = 

^  ^CT 

^ttr  f>td 

•iT 

^rud  J 

(A.6) 
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Table  A. 11.  ACM  Exit  Matrices  -  No  Failures 


.0000 

.0000 

.0000 

.0000 

1.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

1.0000 

.5184 

-28.5877 

.0000 

-.2762 

-.0283 

-136.2190 

.0000 

.0000 

.0000 

-4.9465 

26.9479 

.1380 

-.6758 

262.7984 

.0000 

.0000 

.0000 

.0000 

.0000 

-.0018 

.0035 

-.6511 

.0000 

.0000 

.0000 

.0472 

.0322 

.0000 

.0000 

.0000 

-.0245 

.4602 

-.8878 

.0000 

.0000 

0000 

.0000 

.0000 

-7.7280 

-1.4530 

.9687 

.0000 

.0000 

.0000 

.0000 

.0000 

-.0889 

-.0543 

.0456 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

-.0258 

-.0281 

.0206 

.0131 

.0206 

.0131 

.0154 

.0154 

.0000 

-.1512 

-.1471 

-.1802 

-.0848 

-.1302 

-.0848 

-.0997 

-.0997 

.0000 

.0161 

-.0156 

-.0024 

-.0018 

-.0024 

-.0018 

-.0016 

-.0016 

.0000 

.0007 

-.0007 

-.0001 

-.0001 

.0001 

.0001 

-.0001 

.0001 

.0004 

.0113 

-.0387 

.0270 

.0240 

-.0270 

-.0240 

.0135 

-.0185 

.0277 

.0133 

-.0121 

-.0005 

-.0004 

.0005 

.0004 

-.0004 

.0004 

-.0130 

.0000 

.0000 

1.0000 

.4600 

.0000 

.0000 

.0000 

.0000  ■ 

.0000 

.0000 

.0000 

.0000 

.0000 

1.0000 

.0000 

.0000 

= 

1.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

1.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

1.0000 

B  Matrix  for  Five  Control  Surfaces 


B 


.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

-.0253 

-.0281 

.0491 

.0491 

.0000 

-.1512 

-.1471 

-.3147 

-.3147 

.0000 

.0161 

.0156 

-.0058 

-.0058 

.0000 

.0007 

-.0007 

-.0003 

.0003 

.0004 

.0113 

-.0337 

.0645 

-  .0645 

.0277 

.0133 

-.0121 

-.0013 

.0013 

-.0130 

XV  q  U 

P  r 

^Ur  ^tel 

^rud  j 

(A.7) 

(A.8) 
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Table  A. 13.  TF/TA  Matrices  -  30  Percent  Loss  of  Effectiveness  TEL 


.0000 

.0000 

.0000 

.0000 

1.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

1.0000 

.0160 

-32.1704 

.0000 

-.0330 

-.0200 

-15.2961 

.0000 

.0000 

.0000 

-.5110 

.0000 

-.0080 

-3.0620 

1004.8750 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0210 

-1.8240 

.0000 

.0000 

.0000 

.0000 

.0320 

.0000 

.0000 

.0000 

-.2460 

.0160 

-1.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

-65.9i40 

-5.4310 

1.2860 

.0000 

.0000 

.0000 

.0000 

.0000 

8.1650 

-.0340 

-1.2630 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

-.3450 

-.3450 

.0930 

.1580 

.2520 

.1580 

.1940 

.1940 

.0000 

-.6760 

-.6760 

.0000 

-1.1140 

-1.7250  -1.1140  -1.3160 

-1.3160 

.0000 

.2360 

.2360 

.0000 

-.0400 

-.0520  - 

.0400  - 

0360 

-.0360 

.0000 

.0010 

-.0010 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0020 

.2300 

-.2300 

,0000 

.3680 

-.4150  - 

.3680 

.2070 

-.2070 

3800 

.1570 

-.1570 

.0000 

.0010 

-.0020  - 

.0010 

.0010 

-.0010 

-.1770 

.0000 

.0000 

1.0000 

.0160  .0000 

.0000 

.0000 

.0000  ■ 

.0000 

.0000 

.0000 

.0000  .0000 

1.0000 

.0000 

.0000 

C  = 

1.0000 

.0000 

.0000 

.0000  .0000 

.0000 

.0000 

.0000 

.0000 

1.0000 

.0000 

.0000  .0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000  .0000 

.0000 

.0000 

1.0000 

B  Matrix  for  Five  Control  Surfaces 

.0000 

.0000 

.0000 

.0000 

.0000  ■ 

.0000 

.0000 

.0000 

.0000 

.0000 

-.3450 

-.3450 

.4450 

.6042 

.0000 

B  = 

-.6760 

-  .6760 

-2.4300 

-4.1550 

.0000 

.2360 

.2360 

-.0760 

-.1280 

.0000 

.0010 

-.0010 

.0000 

.0000 

.0020 

.2300 

-.2300 

.5750 

.9900 

.3800 

.1570 

-.1570 

.0020 

-  .0040 

-.1770 

x=  [ 

9  (p  u 

w  q  H 

P 

(A.ll) 

u  = 

(A.12) 
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Table  A.  14.  TF/TA  Matrices  -  50  Percent  Loss  of  Effectiveness  CL 


.0000 

.0000 

.0000 

.0000 

1.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

1.0000 

.0110 

-32.1720 

.0000 

-.0380 

-.0290 

-11.0560 

.0000 

.0000 

.0000 

-.3540 

.0000 

-.0160 

-3.6430 

1005.4390 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0140 

-2.1070 

.0000 

.0000 

.0000 

.0000 

.0320 

.0000 

.0000 

.0000 

-.2780 

.0110 

-1.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

-77.1970 

-6.1840 

1.4760 

.0000 

.0000 

.0000 

.0000 

.0000 

8.7570 

-.0290 

-1.4650 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

-.5220 

-.3790 

.2940 

.1930 

.2940 

.1930 

.2270 

.2270 

.0000 

-.3950 

-.7740 

-2.0190 

-1.3040 

-2.0190 

-1.3040 

-1.5390 

-1.5390 

.0000 

.1390 

.2750 

-.0610 

-.0470 

-.0610 

-.0470 

-.0430 

-.0430 

.0000 

.0010 

-.0020 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0018 

.1210 

-.2830 

.4850 

.4310 

-.4850 

-.4310 

2430 

-.2430 

.4310 

.0920 

-.1820 

.0010 

.0010 

-.0010 

-.0010 

.0010 

-.0010 

-.2070 

.0000 

.0000 

1.0000 

.0110 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

1.0000 

.0000 

.0000 

1.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

1.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

1.0000 

B  Matrix  for  Five  Control  Surfaces 


.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

-.5220 

-.3790 

.7140 

.7140 

.0000 

-.3050 

-.7740 

-4.8620 

-4.8620 

.0000 

.1390 

.2750 

-.1510 

-.1510 

.0000 

.0010 

-.0020 

.0000 

.0000 

.0020 

.1210 

-.2830 

1.1590 

-1.5190 

.4310 

.0920 

-.1820 

.0030 

-.0030 

-.2070 

■ir 

w  q  3  p  r  1 

(A.13) 

^ter  f>ttl  ^rud  | 

.  (A.14) 
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Auto  Regressive  Moving  Average  Models 


The  coefficients  of  the  autoregressive  difference  equations  begin  with  Ta¬ 
ble  A. 15.  The  MATRDCx  macro  used  to  generate  the  matrices  is  contained  in 
Appendix  B. 


i 


Table  A. 15.  ACM  Entry  ARMA  Model  -  No  Failures 


A,  = 


A2  — 


Si  = 


B2  = 


-1.9766D  - 

00 

O.OOOOD  -  00 

2.0200D  -  00 

O.OOOOD  -  00 

O.OOOOD 

-00  ■ 

O.OOOOD  - 

00 

-1.9877D-00 

O.OOOOD  -  00 

-7.0718D-06 

-8.7077D 

-  05 

= 

3.06S8Z)  - 

03 

O.OOOOD  -  00 

'1.9857D-  00 

O.OOOOD  -  00 

O.OOOOD 

-  00 

O.OOOOD  - 

00 

-27.8260D-00 

O.OOOOD  -  00 

-9.7496D-  01 

-7.0019D 

-  01 

O.OOOOS  - 

00 

5.7549D-01 

O.OOOOD  -  00 

-6.0038D  -  04 

-9.7326D 

-  01 

9.7666Z> 

-01 

O.OOOOD  -  00 

-2.0015D-  00 

O.OOOOD  -  00 

O.OOOOD  - 

00  ■ 

0.0000 

-  00 

9.8983D  -  01 

O.OOOOD  -  00 

O.OOOOD  -  00 

O.OOOOD  - 

00 

-3.0627£> 

-  03 

O.OOOOD  -  00 

9.8814D-  01 

O.OOOOD  -  00 

O.OOOOD  - 

00 

O.OOOOD 

-  00 

27.7994D-  00 

O.OOOOD  -  00 

O.OOOOD  -  00 

O.OOOOD  - 

00 

O.OOOOD 

-  00 

-6.3593D  -  01 

O.OOOOD  -  00 

O.OOOOD  -  00 

0  OOOOD  - 

00 

■ 

7.3484D- 

04 

7.3484D  -  04 

5.8075D  -  03 

5.8075D  -  03 

O.OOOOD 

-00 

• 

-6.7897D- 

06 

6.7897D-06  - 

6.3897D  -  06 

6.3897D  -  06 

S.3130D 

-05 

= 

3.1534D- 

05 

3.1534D-05  - 

2.1788D  -  05 

-2.1788D-05 

O.OOOOD 

-  00 

2,4002D  - 

05 

-2.4002D  -  05 

1.6415D  -  04 

-1.6415D-04 

S.4422D 

-  05 

■ 

1.2078D  - 

03 

-1  2078D  -  03 

1.7236D-  04 

-1.7236D-04 

-1.3526D 

-  03 

- 

- 

-7.7184D  - 

04 

-7.7184D-04  - 

5.5416D-  03 

-5,5416D  -  03 

O.OOOOD 

-  00 

■ 

-2.1695D  - 

05 

2.1695D  -  05 

1.3484D  -  05 

-1.3484D-  05 

3.2708D 

-  06 

= 

3.3706D  - 

05 

3.3706D  -  05  - 

4.1380D  -  06 

-4.1380D  -  06 

O.OOOOD 

-  00 

-6.0930D  - 

04 

6.0930D  -  04 

3.7870D  -  04 

-3.7870D-  04 

9.1860D 

-  05 

- 

1.3938D  - 

05 

-1.3938D-05  - 

8.6630D  -  06 

8.6630D  -  06 

-2.1013D 

-  06 

■ 

= 

(4(1) 

4(1)  4(1)412) 

^12  •  ■  •  -^55  ^11 

4(2)  d(i) 

•  •  •  '^55  "n  •  ■ 

(2) 

55  . 
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Table  A.  16.  ACM  Entry  ARMA  Model  -  30  Percent  Loss  of  Effectiveness  TEL 


Ai  — 

-1.92780-00 
0.00000  -  00 
-1.30750  -  02 
0.00000  -  00 
0.00000  -  00 

0.00000  -  00 
-1.98790  -  00 
0.00000  -  00 
-21.45700  -  00 
5.62540  -  01 

7.29580  -  01 
0.00000  -  00 
-2.03340  -  00 
0.00000  -  00 
0.00000  -  00 

0  00000  -  00 

-1.44820-05 
0.00000  -  00 
-9.80680  -  01 
-5.95870-  04 

O.OOOOO  -  00 
1.13160  -  04 
0.00000  -  00 
-5.40420  -  01 
-9.72380  -  01 

A2  = 

■  9.27770-  01 
0.00000  -  00 
1.30730-02 
O.OOOOO  -  00 
0.00000  -  00 

0.00000  -  00 
9.81450-01 
0.00000  -  00 
21.44140-00 
-6.28290  -  01 

-6.71540  -  01 
0,00000  -  00 
1.02290  -  00 
0.00000  -  00 
0.00000  -  00 

0.00000  -  00 
0.00000  -  00 
0.00000  -  00 
0.00000  -  00 
0.00000  -  00 

0.00000  -  00  ■ 
0.00000  -  00 
0.00000  -  00 
0.00000  -  00 
0.00000  -  00 

Bi  = 

8.48750-04 
-1.41040  -  05 
3,16960  -  05 
2.53350  -  05 
1.21720  -  03 

8.49750  -  04 
1.38490  -  05 
3.16960  -  05 
-2.40910  -  05 
-1  19240  -  03 

2.92290  -  03 
2.49550  -  06 
-1.27680-  05 
9.58730  -  05 
1,46270  -  04 

5.96020  -  03 
-4.35480  -  06 
-2.14880  -  05 
-1.64090  -  04 
-2.43660-  04 

0.00000  -  00  ■ 
9.47940  -  06 
O.OOOOO  -  00 
3.60920  -  05 

1  36680  -  03 

B2  = 

'  -1.00880  -  03 
-1.39700-05 
1.88990  -  05 
-3.05200  -  04 
8.94330  -  06 

-1.00880-03  - 

1.37180  -  05 
1.88990  -  05  - 

2.99690  -  04 
-8.78180-  06  - 

2.63490  -  03 
2.48560  -  06 
5.04120  -  05 
5.43020-  05 
1.59120  -  06 

-3.54560  -  03 
-4.33710  -  06 
-7.23050  -  05 
-9.47500  -  05 
2,77650-  06 

0.00000  -  00 
-3.98870  -  05 
0.00000  -  00 
-8.71390  -  04 
2.55340  -  05 

=  ;a1V 

4(1)  4(i)4(2) 

■^12  •  ■  •  ^55  -^11 

4(2)  d(1) 

•  •  ■  '^55  ■Dll  •  • 

I 


A-25 


Table  A. 17.  ACM  Entry  ARMA  Model  -  50  Percent  Loss  of  Effectiveness  CL 


Ai  = 


-1.9488£>-00 
O.OOOOD  -  00 
-4.4830D-03 
O.OOOOD  -  00 
O.OOOOD  -  00 


9.4885D-  01 
O.OOOOD  -  00 
4.4820D-  03 
O.OOOOD  -  00 
O.OOOOD  -  00 


O.OOOOD  -  00 
-1.9845D-00 
O.OOOOD  -  00 
-24.8440D-00 
5.7566D  -  01 


O.OOOOD  -  00 
9.8666D  -  01 
O.OOOOD  +  00 
24.8260D  -  00 
-6.3624D  -  01 


5.S735D-  01 
O.OOOOD  -  00 
-2.011SD-  00 
O.OOOOD  -  00 
O.OOOOD  -  00 

-4  9634D-01 
O.OOOOD  -  00 


O.OOOOD  -  00 
-1.017SD-05 
O.OOOOD  -  00 
-9.7764D-  01 
-6.0059D  -  04 

O.OOOOD  -  00 
O.OOOOD  -  00 


O.OOOOD  -  00 
-1.0880D-  05 
O.OOOOD  -  00 
-6.25S2D-  01 
-9.7200D-  01 


1.0077D  ~  00  O.OOOOD  -  00 
O.OOOOD  -  00  O.OOOOD  -  00 


O.OOOOD 


O.OOOOD  -  00 


O.OOOOD  -  00 
O.OOOOD  -  00 
O.OOOOD  -  00 
O.OOOOD  -  00 
O.OOOOD  -  00 


-4.0629D  -  03 

-8.1970D~03 

5.9859D  - 

03 

5.9859D  -  08 

O.OOOOD 

-00  ■ 

-7.0321D-06 

-1.05750-05 

3.9925D  - 

06 

-8.9925D-  06 

4.34S7D 

-05 

1.1191D-05 

2.2381D-05 

-2.1786D- 

05 

-2.1786D-  05 

O.OOOOD 

-00 

1  1082D  -  05 

-2.1809D  -  05 

1.6413D- 

04 

-1.6415D-  04 

3.4196D 

-  05 

5.9619D  -  04 

-1.2180D  -  03 

1.9454D  - 

04 

-1.9454D-  04 

-1  3671D 

-  03 

3.7323D-  03 

2.7869D  -  03 

-5  4734D  - 

03 

-5.4734D  -  03 

O.OOOOD 

-  00  ■ 

-7.0028D-  06 

3.9010D  -  05 

3.9740D  - 

06 

-3.9740D  -  06 

-6  2894D 

-  06 

2.9058D  -  05 

3.6021D  -  05 

-4.8049D  - 

05 

-4.8049D  -  05 

0  0000 D 

-  00 

-1.7621D-  04 

9.8158D  -  04 

9.9993  D  - 

05 

-9.9993D  -  05 

-1.5826D 

-  04 

4.5157D-  06 

-2.5156D  -  05 

-2.5626D  - 

06 

2.5626D  -  6 

4.0557D 

-  06 

A-26 
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Table  A.  18.  ACM  Exit  ARMA  Model  -  No  Failures 


-1.9837D-00  -6.5693jD-  01  2.2386Z7  -  00 

2.62e8D-  07  -1.9658D-  00  -1.1845D-03 

4.4540D  -  04  1.4892D  -  04  - 1.9772/?  -  00 

9.3315D-  08  -2.0952£>-  00  1.2440Z)  -  03 

-5.2666D-09  1.1718/?- 01  -6.6512/? -05 


1.1610/? -03  -1.8660/? -02 

-2.5888/? -05  4.3827/? -04 

-1.3834/? -04  4.2016/? -06 

-9.9881/? -01  -6.0140/? -02 

-9.1828/? -  05  -9.9858/? -01 


A2  = 


I 


Bi  = 


Bo  = 


9.8377/? -01 

6.57250-01 

-2.23020  -  00 

0.00000  - 

00 

0.00000  -  00  ■ 

-2.6062/? -07 

9.67960  -  01 

1.14760  -  03 

0.00000  - 

00 

0.00000  -  00 

= 

-4.4191/?-  04 

-1.48880  -  04 

9.77580  -  01 

0.00000  - 

00 

0.00000  -  00 

-9.2583/?  -  08 

2.09860  -  00 

1.23320  -  03 

0.00000  - 

00 

0.00000  -  00 

5.2253/?  -  09 

-1.15140-01 

-6.80920  -  05 

0.00000  - 

00 

0.00000  -  00 

■ 

-2.4336D-  03 

-2.45600  -  03 

-2.33060  -  03 

-2.33470- 

03 

6.61960  -  07 

1.5424/? -05 

-1.89370-05 

2.08780  -  06 

-2.0392O- 

06 

1.75250  -05 

= 

5.0031/?  -  06 

4.84780  -  06 

-1.80590  -  06 

-1.80590- 

06 

1.58190  -  13 

5.6635D  -  06 

-1.23790  -  05 

1.96980  -  05 

-1.96980- 

05 

6  40000  -  06 

• 

3.3248/?  -  04 

-3.02090  -  04 

-3.35990  -  05 

3.35990  - 

05 

-3  25660  -  04 

2.2530D  -  03 

2.30310  -  03 

2.42190  -  03 

2.40330  - 

03 

-2.22570  -  06 

-1.8931D  -  05 

1.54620  -  05 

1.66830  -  05 

-1.66870  - 

05 

-2.27640  -  06 

= 

3.9268D  -  06 

3.75600  -  06 

-2.86210  -  06 

-2.85880  - 

06 

6.55410  -  10 

-4.10490  -  05 

3.35180  -  05 

3.61740  -  05 

-3.61760  - 

05 

-4.93540  -  06 

2.25220-  06 

-1.83900  -  06 

-1.98470  -  06 

1.98480- 

06 

2.70780-07 
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Table  A.19.  TF/TA  ARMA  Model  -  No  Failures 


Ai  = 


-3.6847D-00 
O.OOOOD  -  00 
5.9207D  -  02 
O.OOOOD  -  00 
O.OOOOD  -  00 


0.0000 Z)  -  00 
-1.9519D  -  00 
O.OOOOD  -  00 
-59.2300D  -  00 
1.4404D  -  00 


2.6832D  -  00 
O.OOOOD  -  00 
-5.9154D  -  02 
O.OOOOD  -  00 
O.OOOOD  -  00 


O.OOOOD  -  00 
9.5785D  -  01 
O.OOOOD  -  00 
59.0480D  -  00 
-1.6383D  -  00 


-51.1370D-  00 
O.OOOOD  -  00 
-1.8445D  -  01 
O.OOOOD  -  00 
O.OOOOD  -  00 

49.7810D-00 
0  OOOOD  -  00 
i  -7.6791D-01 
I  O.OOOOD  -  00 

I  O.OOOOD  -  00 


O.OOOOD  -  00 
-2.8733D  -  05 
O.OOOOD  -  00 
-9.5265D  -  01 
-1.3954D  -  03 


O.OOOOD  -  00 
1.0815D  -  04 
O.OOOOD  -  00 
-1.5044D  -  00 
-9.2447D  -  01 


O.OOOOD  -  00 
O.OOOOD  -  00 
O.OOOOD  -  00 
O.OOOOD  -  00 


O.OOOOD  -  00 
O.OOOOD  -  00 
O.OOOOD  -  00 
O.OOOOD  -  00 


O.OOOOD  -  00  O.OOOOD 


1.0618D-  02 

-1.0618D-  02 

1.5259D  - 

02 

1.5259D  - 

02 

O.OOOOD  - 

00 

-1.8033D  -  05 

1  8033D  -  05 

-4.1580D  - 

06 

9.1373D  - 

06 

1.0194D  - 

04 

7.3451D  -  05 

7.3451D  -  05 

-4.0607D  - 

05 

- 4.0607 D  - 

05 

O.OOOOD  - 

00 

7.1020D-  05 

-7.1020D  -  05 

2.9993D  - 

04 

-2  9997D  - 

04 

1.0971D  - 

04 

3.9102D  -  03 

-3.9102D  -  03 

1.0870D  - 

04 

-1.0819D  ' 

04 

-4  4117D  - 

03 

2.0494  D  -  02 

2  0494D  -  02 

-3.6496D  - 

02 

-3.6496D  - 

02 

O.OOOOD  - 

00 

-7.5883D  -  05 

7.5883D  -  05 

1-C168D- 

05 

-1.5268D  - 

05 

1.2956D  - 

05 

-4.2691D  -  04 

-4.2691D  -  04 

7.9098  D  - 

04 

7.9098D  - 

04 

O.OOOOD  - 

00 

-4.6779D-  03 

4.6779D-  03 

e.453lD- 

04 

-9.4120D  - 

04 

7.9867D  - 

04 

1.2979D-  04 

-  1.2979D  -  04 

-1.7904D- 

05 

2.6114D- 

05 

-2.2160D  - 

05 

flT  _  '4(1)  4(1)  4(‘>4(2)  4(2)  ndl 

"  —  i^n  -^12  ■  ■  ■  All  ■  ■  ■  ^55  •On  •  £>55  On  ■  •  •  -055  j 
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Table  A. 20.  TF /TA  ARMA  Model  -  30  Percent 


Loss  of  Effectiveness  TEL 


Ai 


-1.9289D-  00 
O.OOOOD  -  00 
7.23710-03 
O.OOOOD  -  00 
O.OOOOD  -  00 


O.OOOOD  -  00 
-1.9561D  -  00 
O.OOOOD  -  00 
57.5160D  -  00 
1.6261D-  00 


2.4122D-  00 
O.OOOOD  -  00 
-1.9644D-  00 
O.OOOOD  -  00 
O.OOOOD  -  00 


O.OOOOD  -  00 
-2.5617D-  05 
O.OOOOD  00 
-9.5402D-01 
-1.5406D  -  OS 


O.OOOOD  -  00 
1.3755D-  05 
O.OOOOD  -  00 
-1.4610D  -  00 
-9.2005D-01 


9.2900D  -  01 

O.OOOOD  -  00 

-2.3558D-  00 

O.OOOOD  - 

00 

O.OOOOD  -  00  ■ 

O.OOOOD  -  00 

9.6193D-  01 

O.OOOOD  -  00 

O.OOOOD  - 

00 

O.OOOOD  -  00 

= 

-7.2S11D  -  03 

O.OOOOD  -  00 

9.7021D  -  01 

O.OOOOD  - 

00 

O.OOOOD  -  00 

O.OOOOD  -  00 

57.7350D  -  00 

O.OOOOD  -  00 

O.OOOOD  - 

00 

O.OOOOD  -  00 

O.OOOOD  -  00 

-1.8209D  -  00 

O.OOOOD  -  00 

O.OOOOD  - 

00 

O.OOOOD  -  00 

- 

-8.8814D  -  03 

-8.8814D  -  03 

1.0201D-  02 

1.S521D- 

02 

O.OOOOD  -  00 

-2.2384D  -  05 

2.2S84D-  05 

2.2204D  -  06 

-8.6512D- 

06 

1.0626D-04 

= 

7.2684D  -  05 

7.2684D  -  05 

-2.3547D-  05 

-3.9662D- 

05 

O.OOOOD  -  00 

7.0004D  -  05 

-7  .0004D-  05 

1.718SD-  04 

-2.9585D- 

04 

1.1159D-  04 

■ 

3.8607D  -  03 

-3.8607D  -  03 

4.3589D-  C5 

-8.8733D- 

05 

-4.3508D-  OS 

r 

8.2180D-  03 

8.2180D  -  03 

-9.3663D  -  03 

-1.2370D- 

02 

O.OOOOD  -  00 

-7.0757D  -  05 

7.0757D  -  05 

2.1920D  -  06 

-3.6047D  - 

06 

7.5178D  -  06 

7.4294D  -  06 

7.4294D  -  06 

5.0055 D  -  05 

5.7807D- 

05 

O.OOOOD  -  00 

-4.2185D-  OS 

4.2185D-  03 

1.3069D-  04 

-2.1491D  - 

04 

4.4821D  -  04 

1.3394D  -  04 

-1  3394D-04 

-4.1495D  -  06 

6.8238D  - 

06 

-1.4231D-05 
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Table  A. 21.  TF/TA  ARMA  Model  -  50  Percent  Loss  of  Effectiveness  CL 


-1.9180D  - 
O.OOOOD  - 
4.7557D  - 
O.OOOOD  - 
O.OOOOD  - 


9.1806D 

O.OOOOD 

-4.7512D 

O.OOOOD 

O.OOOOD 


-1.3180D- 
-3.0171D- 
4.2701D- 
3.6503D- 
2.2580D  - 


1.2025D  - 
-5.2586D  - 
-2.0516D  - 
-4.4845D  - 
1.2193D- 


00 

O.OOOOD  -  00 

2.4247D  -  00 

O.OOOOD  -  00 

O.OOOOD 

-  00 

00 

-1.9713D  -  00 

O.OOOOD  -  00 

-1.2614D  -  05 

-5.2084D 

-  04 

03 

O.OOOOD  -  00 

-1.9509D  -  00 

O.OOOOD  -  00 

O.OOOOD 

-  00 

00  - 

-83.6540D  -  00 

O.OOOOD  -  00 

-9.3315D  -  01 

-2.1289D 

-  00 

00 

2.0604D  -  00 

O.OOOOD  -  00 

-1.9038D-  OS 

-9.0350D 

-  01 

-01 

O.OOOOD  -  00 

-2.3596D  -  00 

O.OOOOD  -  00 

O.OOOOD  - 

00  ■ 

-  00 

9.7736D  -  01 

O.OOOOD  -  00 

O.OOOOD  -  00 

O.OOOOD  - 

00 

-  03 

O.OOOOD  -  00 

9.5472D  -  01 

O.OOOOD  -  00 

O.OOOOD  - 

00 

-00 

83.3500D-  00 

O.OOOOD  -  00 

O.OOOOD  -  00 

O.OOOOD  - 

00 

-  00 

-2.2661D-  00 

O.OOOOD  -  00 

O.OOOOD  -  00 

O.OOOOD  - 

00 

02 

-9.7372D-0S 

1.6645D-  02 

1.6645D  -  02 

O.OOOOD 

-  00 

06 

5.2788D  -  06 

3.028SD  -  06 

-3.0283D  -  06 

1.1496D 

-  04 

05 

8.4482D  -  05 

-4.6574D-  05 

-4.6574D-  05 

O.OOOOD 

-  00 

05 

-8.5166D  -  05 

3,4423D-  04 

-3.4423D  -  04 

1,2590D 

-  04 

03 

-4.4667D  -  03 

6.4002D  -  05 

-6.1002D  -  05 

-5  0749D 

-  03 

02 

8.7762D  - 

03 

-1.4993D- 

02 

-1  4993D  - 

02 

O.OOOOD  - 

00 

05 

1.0441D  - 

04 

2.9923D- 

06 

-2.9923D  - 

06 

1  6596D  - 

05 

05 

3.7108D- 

05 

3  2466D  - 

05 

3.2466D  - 

05 

0  OOOOD  - 

00 

03 

8.9044D  - 

03 

2.5519D- 

04 

-2.5519D  - 

04 

1  4153D  - 

03 

04 

-2.4210D  - 

04 

-6  9381D  - 

06 

6.9381D  - 

06 

-3.8481D  - 

05 

Appendix  B.  ARMA  Model  Implementation 


Introduction 

This  appendix  contains  a  summary  of  the  ARMA  model  conversion  technique 
developed  by  Bokor  and  Keviczky  and  the  MATRIX*  macro  used  to  accomplish 
this  transformation  for  all  the  plant  matrices  [5,25],  Detailed  mathematical  devel¬ 
opment  of  the  procedure  is  contained  in  reference  [5]. 

ARMA  Model 

The  method  used  to  generate  the  ARMA  model  representation  from  a  state- 
space  model  representation  is  based  upon  using  constructibility  invariants.  This 
method  eliminates  some  of  the  problems  cissociated  with  the  observability  matrix 
technique  when  the  state  transition  matrix  is  singular.  Recall  thai  the  state-space 
representation  of  the  continuous  time  system  is  expressed  by  Equation  2.1  and 
Equation  2.2 


X  =  Ax(t)  +  Bu[t) 


y[t)  =  Cx{t) 


where, 

A  =  the  continuous  time  plant  matrix  (n  x  n) 

B  =  the  continuous  time  control  matrix  (n  x  m)  with  the  rank  or  B  =  m 
C  =  the  continuous  time  output  matrix  (p  x  n) 

X  =  the  state  variable  vector  with  n  states 


u  =  the  control  input  vector  with  m  inputs 
y  =  the  output  vector  with  p  outputs 

The  state-space  matrices  of  Equation  2.1  and  Equation  2.2  are  discretized 
for  a  given  sampling  time  T  and  expressed  in  the  discrete  time  domain  by 


x{T)  =  Fx{T)  +  Gu[T) 


(B.l) 


(• 


y(r)  =  Hx{T)  (5.2) 

where, 

F  =  the  discrete  plant  matrix  (n  x  n) 

G  =  the  discrete  control  matrix  (n  x  m)  with  the  rank  =  m 
H  =  the  discrete  output  matrix  (p  x  n) 

X  =  the  state  variable  vector  with  n  states 
u  —  the  control  input  vector  with  m  inputs 
y  =  the  output  vector  with  p  outputs 


For  this  technique,  the  discrete  time  representation  Equations  B.l  and  B.2 
must  have  no  poles  at  the  origin,  i.e.  the  inverse  matrix  F~^  exists.  The  con- 
structibility  matrix  Co  is  defined  ais 


Co 


HF~^ 

HF~^ 

HF~^ 


HF~^ 


(B.3) 


B-2 


and  must  have  rank  Co  =  n. 


Equation  B.3  is  exp2mded  to  yield  the  form 


hlF-'  1 


Co 


h\F'^ 


hlF-^ 

hlF-^ 


[BA) 


A  new  matrix,  T,  is  formed  from  the  linearly  independent  rows  of  Co.  The 
first  row  of  the  new  matrix  is  the  first  row  of  Co{HiF~^).  The  second  row  is 
the  next  linearly  independent  row  of  Co-  For  instance,  if  Co{H2F~^)  is  linearly 
independent  of  Co[HiF~^)  then  it  is  the  second  row  of  the  new  matrix,  T.  The 
process  continues  until  the  matrix  T  has  full  rank  n. 

The  transformation  matrix  TF  is  formed  by  rearranging  the  rows  of  matrix 
T  into  the  following  form 


hjF-^ 


TF  = 


h^F-^ 


{B.5) 


[  J 

For  1  <  »  <  p,  the  ith  constructibility  index  Vi  is  defined  as  the  smallest  positive 
integer  such  that  is  a  linear  combination  of  the  rows  before  it.  Then  the 

constructibility  indices  satisfy  the  relation 


Vi  +  V2  +  ..-  + Vp  =  R 


(B.6) 


B-3 


and  are  arranged  in  descending  order 


«• 


Vi  >  V2>  V3>...Vp  (5.7) 

If  Equation  B.7  is  not  satisfied,  permutate  the  output  matrix,  H,  to  satisfy  the 
relationship  of  the  constructibility  indices. 

Then  the  following  matrices  are  defined; 


R 

=  T’-i 

(B.8) 

H 

=  HR 

(B.9) 

F 

1 

II 

(B.IO) 

G 

=  R-^G 

(B.ll) 

The  At  coefficients  of  the  ARMA  model  are  calculated  from  the  relationship 


A.  =  HSpi{k  -  1)  (5.12) 

where. 


B-4 


Sp{k)  = 


(fc 

-1) 

0 

0 

{k 

-2) 

0 

0 

{k 

-Vi) 

0 

0 

0 

(fc-1)  ... 

0 

0 

cT 

1  •• 

0 

0 

•  1 

0 

0 

0 

{k-1) 

0 

0 

ik-2) 

0 

0 

•  1 

(n  X  p) 


(B.13) 


As  an  example,  to  find  the  Ai  coefficients  using  Equation  B.12  and  Equa¬ 
tion  B.13,  the  Sp{k)  matrix  elements  associated  with  the  (k-1)  terms  in  Equa¬ 
tion  B.13  would  be  set  equal  to  1  and  all  other  matrix  elements  equal  to  zero. 
The  A2  coefficients  would  require  Sp(fc)  matrix  elements  associated  with  the  (k-2) 
terms  in  Equation  B.13  be  set  equal  to  1  and  all  other  matrix  elements  equal  to 
zero,  etc. 

The  Bi  coefficients  of  the  ARMA  model  are  calculated  from  the  relationship 


B,  =  HS,{k  -  i)G 


(5.14) 


where. 


5,  =  ^  S,^\Di,v  =  m£LX  V, 


(B.15) 


i=l 


and  Si  is  the  block-diagonal  Toeplitz  matrix  give  by 


B-5 


I 


and 


5.= 


1  ...  ■: 
0  10 


{Vi  X  Vi) 


i 


(5.16) 


5=  block  diagonal  [Si, ...,  5p| 

ARMA  Implementation 

The  implementation  of  the  theory  presented  in  the  previous  section  is  exe¬ 
cuted  in  MATRIX*  using  a  modification  of  a  macro  developed  by  Velez  in  his  thesis 
[25].  For  this  design, 


I 


I 


Vi  =  2 

Vj  =  2 
V3  =  2 

V4  =  1 

n  =  1 


'Pi 


1  0  0  0  0 
0  0  0  0  0 
0  10  0  0 
0  0  0  0  0 
0  0  10  0 
0  0  0  0  0 
0  0  0  1  0 
0  0  0  0  1 


(B.18) 

(B.19) 

(B.20) 

(B.21) 

(B.22) 


(5.23) 
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0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

(B.24) 


(B.25) 


MATRIX^  ARMA  Macro  The  following  MATRIX*  macro  listing  can  be  di¬ 
rectly  typed  into  MATRIX*  and  implemented  by  using  the  command 


EXEC  (’filename’). 


S=<A.B:C.0*EYE(5)>: 
SD=DISC(S.8, .025) ; 
<F.G.H.D>=SPLIT(SD.8) ; 
C0=<H*INV(F)>: 


//FORMS  THE  S  PLANE  SYSTEM  MATRIX 
//DISCRETIZES  THE  SYSTEM  MATRIX 
//SEPARATES  DISCRETE  MATRICES 
//FORMS  1ST  ROW  OF  CONSTRUCTIBILITY 


FOR  1=2:8 _ 

CO=<CO:H*INV(F)**I>:  .  .  . 


END;  //FORMS  THE  REMAINING  ROWS  OF  CO 

V1=0:  //INITIALIZE  INDICES 

CR=0:  //INITIALIZE  COUNTER 

TT=<C0(1, :)>;  //INITIALIZE  TEMPORARY  VECTOR  1ST  ROW 

R=TT;  //INITIALIZE  TEMPORARY  VECTOR 
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FOR  1=2:16 _ 

R=<TT:CO(I. :)>; .  .  . 

RN=RANK(R) ; . . . 

IF  RN=I-CR  THEN  TT=R:... 

ELSEIF  RN<I-CR  THEN  R=TT:... 

VI=<V1 : I> ; .  .  . 

V1=VI: . . . 

CR=CR+1: . . . 

END. .  .  . 

END; 

T=R; 

TF=<T(1.:);T(6.:):T(2.:):T(7. 

T(3.:):T(8.:):T(4.:):T(5.:)>: 

HBAR=H*INV(TF) ; 

FBAR=TF*F*INV(TF) : 

GBAR=TF*G: 

SQ=<0  0000000;.,. 

10000000;.. 

00000000;... 

00100000;... 

00000000;... 

0000  1  000;... 

00000000;... 

0  0  0  0  0  0  0  0>; 

SP1=<1  0000;... 

00000;... 

0  1  000;... 

00000;... 

00  1  00;... 

00000;... 

0  0  0  1  0; .  .  . 

0000  1>; 

SP2=<0  0000;... 

10000;... 

00000;... 

0  1  000;... 

00000;... 

00  1  00;... 

00000;... 

0  0  0  0  0>; 

B1ARMA=HBAR*GBAR;  //Bl  COEFFICIENT 

B2ARMA=HBAR*SQ*GBAR;  //B2  COEFFICIENT 


A1ARMA=-HBAR*SP1 ; 
A2ARMA=-HBAR*SP2: 


//Al  COEFFICIENT 
//A2  COEFFICIENT 


I 


I 
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Appendix  C.  Parameter  Vector  Elements 


Introduction 

Chapter  2  and  3  introduce  the  parameter  estimation  scheme  used  in  this 
thesis  and  Chapter  6  develops  the  implementation  of  the  peirameter  adaptive  al¬ 
gorithm.  This  chapter  shows  the  time  history  of  the  changes  in  the  100  parameter 
vector  elements  as  the  control  surface  failure  is  introduced  during  the  simulation. 
However,  the  time  history  of  the  parameter  elements  is  extended  to  15  seconds  in 
order  to  observe  the  convergence  of  the  parameter  values. 
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Appendix  D.  Porter’s  PID  Control  Law 


Introduction 

This  appendix  contains  a  summary  of  the  practical  implementation  of  the 
PID  control  law  as  described  by  Professor  Brian  Porter  of  the  University  of  Salford, 
England,  and  the  application  of  the  control  law  for  the  CRCA  aircraft  [20,21,24]. 

The  PID  design  is  satisfactory  for  the  commanded  45  degree  banked  coordi¬ 
nated  turn  maneuver  for  the  ACM  Entry  flight  condition.  Results  for  this  condition 
are  included. 

PID  Control  Law 

The  PID  control  system  of  Figure  D.l  is  developed  to  provide  a  controller 
design  for  the  irregular  plant  without  the  use  of  the  measurement  matrix,  M.  An 
equivalent  PID  control  design.  Figures  D.2  and  D.3,  uses  only  output  feedback 
when  a  plant  is  irregular. 


Figure  D.l.  PID  Control 
[24] 
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Figure  D.2.  Continuous  PID  Controller 


Figure  D.3.  Discrete  PID  Controller 


Recall  that  the  purpose  of  the  measurement  matrix  M  is  to  stabilize  the 
system  by  rate  feedback  of  the  corresponding  deficient  first  Markov  parameter. 
The  complete  mathematical  development  of  the  PID  controller  is  contained  in 
references  [20,21]  and  [24].  In  his  thesis,  Sheldon  showed  that  the  introduction 
of  a  derivative  matrix  D,  properly  proportioned  and  located,  would  eliminate  the 
need  for  the  measurement  matrix  M  [24,  52-58].  For  the  analysis  to  be  valid, 
system  equivalency  between  Figure  3.2  and  Figure  D.l  must  be  maintained.  The 
relationships  of  Figure  3.2  and  Equation  3.11  have  the  form 


f  1  ^2 


i-i 


From  Figure  D.l, 

w{t] 


y{t)  +  Dy{t) 

(D.l) 

Cx{t)  -t-  DC[Ax{t)  Bu(t)] 

(D.2) 

(C  +  DCA)x{t)  +  DCBu{t) 

(D.3) 

Equation  3.11  and  Equation  D.3  place  the  constraints  on  D  as 


DCB  =  0 


(D.4) 


C  +  DCA 


fi  F2 


(D,5) 


To  satisfy  the  requirements  of  Equation  D.4  and  Equation  D.5  the  plant  outputs 
of  Equation  2.2  are  ordered  such  that 


CB 


El  E2 

X  m  Op  X  p 


(D.6) 


where, 


E\  =  {m  -  p)  X  {m  -  p)  matrix 
E2  =  {m  ~  p)  X  p  matrix 


p  ~  rank  defect  of  the  first  Markov  parameter  of  the  open  loop  plant 


In  order  to  satisfy  Equation  D.4,  D  must  be  of  the  form 


O(m-p)  X  (m-p)  ^2 

Op  X  (m-p)  Di 


where, 


(r>.7) 


£>2  =  (m  —  p)  X  p  matrix 
Di  —  p  X  p  matrix 

p  =  rank  defect  of  the  first  Markov  parameter  of  the  open  loop  plant 

Practical  implementation  of  the  PID  controller  requires  modification  of  the 
block  diagram  of  Figure  D.l.  Sheldon  shows  the  procedure  for  transforming  the 
block  diagram  of  Figure  D.l  into  the  more  useful  design  of  Figure  D.2,  Figure  D.3, 
and  Figure  D.4  [24,  52-56}. 

Selection  of  the  derivative  matrix  D,  Ki,  and  Kz,  is  developed  by  Professor 
Porter  in  reference  [20]  and  [2l|  in  terms  of  the  open-loop  step-response  matrix 
from  Equation  3.28 


H{T)  =  /  C exp[At)B  dt 
Jo 

and  the  associated  matrix 

J{T)  =  H[2T)H-^[T) 

MT)  MT)  ■ 
Jz{T)  MT) 


(D.8) 

(D.9) 


where 


Ji{T)  =  {m  —  p)  X  {m  -  p)  matrix 
J2{T)  =  (m  -  p)  X  p  matrix 
JsiT)  =  p  X  {m  —  p)  matrix 
Ji{T)  —  p  X  p  matrix 

Thus,  the  appropriate  design  parameters  for  the  PID  controller  of  Figure  D.l 
through  Figure  D.4  are 


K, 

(D.IO) 

K2 

=  AFC, 

(Dll) 

D2 

sr‘Jz(r)E2i>4(r) 

(1  +  a) 

(D.12) 

D, 

=  (5/p 

(D.13) 
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O(m-p)  X  p 
Op  X  (m-p)  ^2 

Oj^_pj  X  p 

Op  X  (m-p) 

where, 

T  =  sampling  time 

H(T)  =  open  loop  step  response  matrix  at  time  T 
H(2T)  =  open  loop  step  response  matrix  at  2  times  sampling  time 
a  =  derivative  filter  constant 
6  =  derivative  feedback  gain 
A  =  ratio  of  integral  to  proportional  control 
E  =  diagonal  weighting  matrix  =  diag  [<Ti,  . . . 

The  PID  controller  step  response  matrices  H(T)  and  H(2T)  are  calculated  from 
off-line  tests  of  the  open-loop  stable  plant  or  with  an  autoregressive  algorithm 
for  the  open-loop  unstable  plant  [5,20,21].  Using  the  development  of  the  autore¬ 
gressive  parameter  equivalency  in  Chapter  3,  H(T)  and  H(2T)  are  represented  by 
Equation  3.35 

H{T)  =  B, 

H{2T]  =  Bi  -f  B2  —  AiBi  (2). 16) 


P-14) 

(D.15) 


D-6 


r 


Design  Procedure 

The  aircraft  plant  matrices  of  Table  2.4  and  Table  A. 8  for  the  ACM  Entry 
flight  condition  provide  a  basis  for  the  design  procedure.  Recall  that  the  rank 
deficiency  of  the  first  Markov  parameter  is  two,  p  —  2.  For  convenience,  Table  A. 8 
is  reproduced. 


D-7 


Table  D.l.  ACM  Entry  Plant  Matrices 


.0000 

.0000 

.0000 

.0000 

1.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

1.0000 

.0350 

-32.1804 

.0000 

-.0119 

-.0186 

-31.2350 

.0000 

.0000 

.0000 

-1.0634 

.0000 

-.0324 

-1.0634 

894.4548 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0069 

-.6015 

.0000 

.0000 

.0000 

.0000 

.0360 

.0000 

.0000 

.0000 

-.0929 

.0349 

-.9994 

.0000 

.0000 

.0000 

.0000 

.0000 

-27.8066 

-2.0376 

.4913 

.0000 

.0000 

.0000 

.0000 

.0000 

2.4582 

-.0241 

-.4377 

.0000 

.0000 

.0000 

.0000  .0000 

.0000  .0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000  .0000 

.0000  .0000 

.0000 

.0000 

.0411 

.0411 

.1322 

.0866  .1322 

.0866  .1018 

.1018 

.0000 

-.3163 

-.3163 

-.9597 

-.6194  -.9597 

-.6194  -1.0183 

-1.0183 

.0000 

.1014 

.1014 

-.0284 

-.0215  -.0284 

-.0215  -.0200 

-.0200 

.0000 

.0003 

-.0003 

-.0002 

-.0001  .0002 

.0001  -.0001 

.0001 

.0006 

.0762 

-.0762 

.2219 

.2011  -.2219 

-.2011  .1109 

-.1109 

.1144 

.0486 

-.0486 

.0029 

.0021  -.0029 

-.0021  .0021 

-.0021 

-.0544 

.0000 

.0000 

1.0000  .0349  .0000  .0000  .0000 

.0000  ■ 

.0000 

.0000 

.0000  .0000  .0000  1.0000  .0000 

.0000 

C  = 

1.0000 

.0000 

.0000  .0000  .0000  .0000  .0000 

.0000 

.0000 

1.0000 

.0000  .0000  .0000  .0000  .0000 

.0000 

.0000 

.0000 

.0000  .0000  .0000  .0000  .0000 

1.0000 

B  Matrix  for  Five  Control  Surfaces 


B  = 


.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0411 

.0411 

.3206 

.3206 

.0000 

-.3163 

-.3163 

-2.5974 

-2.5974 

.0000 

.1014 

.1014 

-.0699 

-  .0699 

.0000 

.0003 

-.0003 

-.0004 

.0004 

.0006 

.0762 

-.0762 

.5339 

-.5339 

.1144 

.0486 

-.0486 

.0071 

-.0071 

-.0544 

x=  [ 

6  <f>  u 

xv  q  d 

p  r  Y 

u  = 

[  ^cl  ^cr 

^rud  j 

(D.17) 

(£>■18) 


I 


The  matrix  product  CB  is  not  in  the  proper  form  of  Equation  D.6,  therefore, 
the  C  matrix  rows  are  permutated  to  yield  the  new  output  vector  for  the  PID  design 
given  by 


V  =  forward  velocity 
/3  =  side  slip  angle 

r  =  yaw  rate 

6  =  pitch  angle 

<f>  =  bank  angle 


and  the  corresponding  output  equation  is 


V 

0 

0 

1 

0.0349 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

r 

= 

0 

0 

0 

0 

0 

0 

0 

1 

0 

1 

0 

0 

0 

0 

0 

0 

0 

4> 

0 

1 

0 

0 

0 

0 

0 

0 

L  ■■ 

The  resulting  matrix  product  is 


where, 


.0300 

.0300 

.2299  1 

1 

.2299 

.0000 

.0003 

-.0003 

-.0004  ' 

1 

.0004 

.0006 

.0486 

-.0486 

.0071  [-.0071 

-.0544 

.0000 

.0000 

.0000  1 

.0000 

.0000 

.0000 

.0000 

.0000  1 

.0000 

.0000 

II 

.0300 

.0003 

.0486 

.0300  .2299 

-.0003  -.0004 

-.0486  .0071 

(P.19) 


I 


(P.20) 


(P.21) 
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1 


E2 


.2299  .0000 

.0004  .0006 

-.0071  -.0544 


(D.22) 


In  order  to  satisfy  the  conditions  of  Equation  D.4,  the  matrix  product  DCB  =  0, 
the  D  matrix  must  be  of  the  form  given  in  Equation  D.7  where, 


.0000 

.0000 

.0000  1  D2„ 

■D2,j 

.0000 

.0000 

.0000 « 

1 

.0000 

.0000 

.0000  1  D2„ 

.0000 

.0000 

7oooo\1juJ 

.0000 

.0000 

.0000  1 

-D42J 

(J0.23) 


The  matrix  is  easily  calculated  from  Equation  D.13.  For  this  design 


6 

D4 


0.2 

0.2  0.0 

0.0  0.2 


{D.24) 

(D.25) 


The  associated  matrix  J  is  calculated  from  Equation  D.9  where  H(T)  and 
H(2T)  is  calculated  from  the  ARMA  model  plant  representation  using  Equa¬ 
tions  3.35  and  D.16.  However,  the  rows  of  H(T)  and  H(2T)  corresponding  to 
the  change  in  rows  of  the  C  matrix  have  to  be  interchanged  to  yield  a  new  H{T) 
and  H[2T),  in  double  precision, 


R(T) 


7.3484D-4 

7.3484D-4 

5.8075D-3 

5.8075D-3 

O.OOOOD-t-0 

-6.7897D-6 

6,7897D-6 

-6.3897D-6 

6.3897D-6 

3.3130D-5 

1.2078D-3 

-1.2078D-3 

1.7236D-4 

-1.7236D-4 

-1.3526D-3 

3.1534D-5 

3.1534D-5 

-2.1788D-5 

-2.1788D-5 

O.OOOOD-rO 

2.4002D-5 

-2.4002D-5 

1.6415D-4 

-1.6415D-4 

3.4422D-5 

1 


J 

1 


J 


1 


i 


-1 


D-IO 


B{2T) 


and 


1.3518D-3 

1.3518D-3 

1.1789D-2 

1.1789D-2 

O.OOOOD-4 

-4.1875D-5 

4.1875D-5 

-5.5901D-6 

5.5901D-6 

1.0213D-4 

2.4000D-3 

-2.4000D-3 

3.3507D-4 

-3.3507D-4 

-2.6890D-3 

1.2560D-4 

1.2560D-4 

-8.6983D-5 

-8.6983D-5 

O.OOOOD+0 

9.4836D-5 

-9.4836D-5 

6.4579D-4 

-6.4579D-4 

1.3462D-4 

(D.27) 


J{T) 


where, 


2.0147D+0 

O.OOOOD+0 

O.OOOOD-rO 

-4.08000+0 

0.00000  +0 

O.OOOOD-t-0 

1.99650+0 

-2.4834D-2 

0.00000  +0 

6.97350-2 

O.OOOOD+0 

6.1296D-2 

1.98840+0 

0.00000+0 

-4.41970-2 

-3.1351D-5 

O.OOOOD+0 

0.00000  +0 

3.98390+0 

0.00000  +0 

O.OOOOD+0 

-1.1297D-2 

2.93730-4 

0.00000+0 

3.93330+0 

(D.28) 


jm  = 


HT)  = 


MT)  = 
MT)  = 


2.0147D+0 

0.0000D*0 

O.OOOOD+0 

-4.0800D+0 


O.OOOOD+0 

1.9965D+0 

6.1296D-2 

O.OOOOD-rO 


O.OOOOD+0 

-2.4834D.2 

1.9884D+0 


O.OOOOD+0  6.9735D-2 
O.OOOOD+0  -4.4197D-2 


-3.1351D-5 

O.OOOOD+0 


O.OOOOD+0 

-1.1297D-2 


O.OOOOD-^0 

2.9373D-4 


3.9839D+0  O.OOOOD+0 
O.OOOOD+0  3.9333D+0 


(D.29) 


(D.30) 


(D.31) 

(D.32) 


The  remaining  design  parameters, 


0.010 

0.000 

0.000 

0.000 

0.000 

0.000 

0.010 

0.000 

0.000 

0.000 

0.000 

0.000 

0.060 

0.000 

0.000 

0.000 

0.000 

0.000 

0.060 

0.000 

0.000 

0.000 

0.000 

0.000 

0.020 

(D.33) 
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are  selected  from  a  trial  and  error  process  with  the  complete  system  simulation  to 
yield  a  good  output.  Therefore,  using  Equations  D.IO  through  D.12  and  a  sampling 
time  of  T  =  0.025  sec, 


5.4705D-1  2.1280D+0  3.1691D+1  6.0466D+1  -1.9316D+1 

5.4705D-1  -2.1280D+0  -3.1691D+1  6.0466D+1  1.9316D+1 

Ki  =  7.9174D-1  -6.9111D+1  -5.7625D+0  6.5178D+0  9.8085D+0 

7.9174D-1  6.9111D+1  5.7625D+0  6.5178D+0  -9.8085D+0 

.OOOOOD-0  3.624lD-rl  1.0767D+1  O.OOOOD+0  -3.2435D-i-l 

2.7352D-3  1.0640D-0  1.5846D-1  3.0233D-1  -9.6582D-2 

2.7352D-3  -1.0460D-0  -1.5846D-1  3.0233D-1  9.6582D-2 

Ki  =  3.9587D-3  -3.4556D-1  -2.8813D-2  3.2589D-2  4.9042D-2 

3.9587D-3  3.4556D-1  2.8813D-2  3.2589D-2  -4.9042D-2 

O.OOOOD+0  1.8120D-0  5.3835D-2  O.OOOOD+0  -2.6218D-1 

-3.49710  0.000000 

D2  =  0.00000  0.019924 

0.00000  -0.002105 

0.01  0.0  0.0 
0.0  0.01  0.0 
0.0  0.0  0.06 

0.06  0.00 
0.00  0.02 


(D.36) 

{D.37) 

{D.Z8) 

(D.39) 

(£>.40) 


Simulation 

The  roll  and  yaw  rate  commands  for  the  PID  controlled  system  for  a  coordi¬ 
nated  turn  are  shown  in  Figure  D.5  and  D.6.  The  input  models  for  these  desired 
commands  are  given  in  Chapter  5. 


Tine  iM  %coos 


Figure  D.6.  r^md 


The  MATRIXx  macros  used  in  the  simulation  are  listed  in  Appendix  E.  Chap¬ 
ter  4  develops  the  relationship  given  by  Blakelock  4,  147'  for  the  roll  angle  (p  and 
the  yaw  rate  r  necessary  for  a  coordinated  turn.  The  yaw  rate  r  is  approximated 
by  Equation  4.14 


where, 

ff  =  the  gravitational  constant  (32.174/i/sec^) 

V  =  the  forward  velocity  of  the  aircraft 

<i)  =  the  desired  bank  angle  (45°  =  .7854  radians) 


For  this  flight  condition, 


(D.41) 

(D.42) 

=  1.4S7^ 

sec 

(D.43) 

Responses  for  the  45  degree  coordinated  turn  maneuver  are  shown  starting 
with  Figure  D.7;  they  illustrate  the  performance  achieved  with  the  PID  controller. 


Tire  iM  secoos 


Figure  D.7.  <f>  and  -  45°  Banked  Turn 
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Figure  D.8.  r  -  45°  Banked  Turn 
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TIME  IM  SECtXTS 


Figure  D.12.  Normal  Acceleration  -  45°  Banked  Turn 
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Figure  D.13.  Left  Canard  Deflection  -  45°  Banked  Turn 


TIME  seCCMOS 


Figure  D.14.  Left  Canard  Deflection  Rate  -  45°  Banked  Turn 


0  1  2  3  «  S  &  7 

TIME  J  *«  Sr  CONOS 


Figure  D.15.  Right  Canard  Deflection  -  45®  Banked  Turn 


TIME  If*  SEruMt'S 


Figure  D.16.  Right  Canard  Deflection  Rate  -  45°  Banked  Turn 
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Figure  D.17.  Left  Trailing  Edge 


Figure  D.18.  Left  Trailing  Edge  Defli 
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Figure  D.19.  Right  Trailing  Edge  Deflection  -  45®  Banked  Turn 
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Figure  D.20.  Right  Trailing  Edge  Deflection  Rate  -  45°  Banked  Turn 
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Figure  D.21.  Rudder  Deflection  -  45°  Banked  Turn 
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Figure  D.22.  Rudder  Deflection  Rate  -  45°  Banked  Turn 


Results  and  Analysts 


The  overall  response  of  the  CRCA  with  the  PID  controller  is  satisfactory, 
but  is  certainly  not  as  robust  as  the  PI  controller.  The  overshoot  on  the  bank 
angle  is  much  larger  and  the  response  more  sluggish  for  the  <f>  and  r  commands.  In 
addition,  the  overshoot  is  much  harder  to  dampen  and  the  corresponding  elements 
of  the  E  matrix  are  more  sensitive  to  magnitude  changes.  Very  little  integral 
control  is  needed,  as  indicated  by  the  value  of  A  =  0.005.  Stabilizing  the  entire 
system  is  a  tedious  task  with  individual  E  element  magnitudes  having  to  be  quite 
small.  If  the  system  had  been  compensated  prior  to  the  PID  design  to  yield  an 
equivalent  open-loop  stable  plant,  the  PID  controller  design  would  have  been  more 
attractive.  Since  the  plant  dynamics  are  accessible,  the  use  of  the  measurement 
matrix  is  a  preferred  approach  and  easily  stabilizes  the  system  during  the  PI  control 
law  implementation. 
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Appendix  E.  ACM  Entry  State  and  Output  Responses 

Introduction 

This  appendix  provides  a  complete  set  of  the  MATRDCx  simulation  output 
responses  for  the  nominal  flight  condition,  ACM  Entry.  This  includes  the  continu¬ 
ous  and  discrete  PI  controllers.  The  discrete  controller  output  responses  that  are 
based  upon  gains  calculated  from  the  step-response  matrices  are  indicated  by  the 
following  entry  in  the  flgure  caption:  Discrete  (Step- Response  Matrix).  Results  for 
the  remaining  flight  conditions  and  failure  cases  are  available  under  separate  cover. 
This  appendix  is  divided  into  two  parts.  The  first  part  shows  the  state  and  output 
responses  obtained  from  ramped  input  commands  while  the  second  part  provides 
a  corresponding  illustration  of  responses  for  the  model  following  commands. 

Ramped  Input  Commands 

Responses  for  the  45  degree  coordinated  turn  maneuver  are  shown  starting 
with  Figure  E.l  and  illustrate  the  performance  of  the  controller. 


E-1 


45°  Banked  Turn  (Continuous) 


Figure  E.3.  u,  w,  $,  q,  p,  and  Nz  -  45°  Banked  Turn  (Continuous) 


igure  E.4.  Canard  Deflection  and  Rates  -  45°  Banked  Turn  (Continuous) 


'railing  Edge  Deflection  and  Rates-  45“  Banked  Turn  (Continuous) 


Rudder  Deflection  and  Rate  -  45°  Banked  Turn  (Continuous) 


45'"  Banked  Turn  (Discrete) 


E.8.  u,  w,  $,  q,  p,  and  Nz  -  45°  Banked  Turn  (Discrete) 


e  E.9.  Canard  Deflection  and  Rates  -  45°  Banked  Turn  (Discrete) 


Trailing  Edge  Deflection  and  Rates-  45°  Banked  Turn  (Discrete) 


Banked  Turn  (Discrete  using  Step- Response  Matrix) 


'  and  Nz  -  45°  Banked  Turn  (Discrete  using  Step-Response 


B  E.14.  Canard  Deflection  and  Rates  -  45°  Banked  Turn  (Discrete  using  Step- 
Response  Matrix) 


Crailing  Edge  Deflection  and  Rates-  45°  Banked  Turn  (Discrete  using 
Step-Response  Matrix) 


Rudder  Deflection  and  Rate  -  45°  Banked  Turn  (Discrete  using  Step' 
Response  Matrix) 


Responses  for  the  pitch  tracking  command  are  show  starting  w-ith  Figure  E.17 
and  illustrate  the  performance  of  the  controller. 


I 


! 
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d  9  -  6cmd  (Continuous) 


E.19.  <t>,  /8,  u,  tu,  r,  p,  and  Nz  -  Ocmd  (Continuous) 


Figure  E.20.  Canard  Deflection  and  Rates  -  Ocmd  (Continuous) 


E.21.  Trailing  Edge  Deflection  and  Rates  -  Ocmd  (Continuous) 


Rudder  Deflection  and  Rate  -  Ocmd  (Continuous) 


d  q  -  Ocmd  (Discrete) 


,ure  E.24.  (p,  0,  u,  w,  r,  p,  and  Nz  -  Oemd  (Discrete) 


Figure  E.25.  Canard  Deflection  and  Rates  -  Ocmd  (Discrete) 


E.26.  Trailing  Edge  Deflection  and  Rates  -  tfcmd  (Discrete) 


Rudder  Deflection  and  Rate  -  Ocmd  (Discrete) 


(Discrete  using  Step-Response  Matrix) 


and  Nz  -  Ocmd  (Discrete  using  Step- Response  Matrix) 


Canard  Deflection  and  Rates  -  ffcmd  (Discrete  using  Step-Response 


igure  E.31.  Trailing  Edge  Deflection  and  Rates  -  6cmd  (Discrete  using  Step- 
Response  Matrix) 


Rudder  Deflection  and  Rate  -  (Discrete  using  Step-Response  Ma- 


Model  Following  Input  Commands 

Responses  for  the  45  degree  coordinated  turn  maneuver  are  show  for  the 
model  following  input  commands  starting  with  Figure  E.34  and  illustrate  the  per¬ 
formance  of  the  controller. 


E.33.  <t>cmd  and  r^md  -  Model  Following 


Banked  Turn  -  Model  Following  (Continuous) 


,ure  E.35.  u,  w,  6,  q,  p,  and  Nz  -  45°  Banked  Turn  -  Model  Following  (Continu 


ure  E.37.  Trailing  Edge  Deflection  and  Rates-  45°  Banked  Turn  -  Model  Fol 
lowing  (Continuous) 


45“  Banked  Turn  -  Model  Following  (Discrete) 


,  6,  q,  p,  and  Nz  -  45°  Banked  Turn  -  Model  Following  (Discrete) 


e  E.41.  Canard  Deflection  and  Rates  -  45°  Banked  Turn  -  Model  Following 
(Discrete) 


Trailing  Edge  Deflection  and  Rates-  45°  Banked  Turn  -  Model  Fol¬ 
lowing  (Discrete) 


Rudder  Deflection  and  Rate  -  45°  Banked  Turn  -  Model  Following 
(Discrete) 


Figure  E.44.  0,  i3,  and  r  -  45°  Banked  Turn  -  Model  Following  (Discrete  using 

Step- Response  Matrix) 


;ure  E.45.  u,w,e,q,p,  and  Nz  -  45°  Banked  Turn  -  Model  Following  (Discrete 
using  Step-Response  Matrix) 


(Discrete  using  Step-Response  Matrix) 


railing  Edge  Deflection  and  Rates-  45“  Banked  Turn  -  Model  Fol' 
)wing  (Discrete  using  Step-Response  Matrix) 


Figure  E.48.  Rudder  Deflection  and  Rate  -  45°  Banked  Turn  -  Model  Following 
(Discrete  using  Step- Response  Matrix) 


Responses  for  the  pitch  tracking  command  are  show  starting  with  Figure  E.49 
and  illustrate  the  performance  of  the  controller. 


E-52 


Figure  E.50.  0  and  q  ~  Oemd  ~  Model  Following  (Continuous) 


,  p,  and  Nz  -  0cmd  -  Model  Following  (Continuous) 


re  E.52.  Canard  Deflection  and  Rates  -  0crnd  -  Model  Following  (Continuous) 


'railing  Edge  Deflection  and  Rates  -  Ocmd  -  Model  Following  (Contin' 


Rudder  Deflection  and  Rate  -  ffcmit  -  Model  Following  (Continuous) 


-  Model  Following  (Discrete) 


p,  and  Nz  -  dcmd  -  Model  Following  (Discrete) 


E.57.  Canard  Deflection  and  Rates  -  $cmd  -  Model  Following  (Discrete) 


Trailing  Edge  Deflection  and  Rates  -  Ocmd  -  Model  Following  (Discrete) 


Rudder  Deflection  and  Rate  -  -  Model  Following  (Discrete) 


Following  (Discrete  using  Step-Response  Ma- 


I,  and  Nz  -  d^md  -  Model  Following  (Discrete  using 


re  E.62.  Canard  Deflection  and  Rates  -  flcmd  ■  Model  Following  (Discrete  using 
Step- Response  Matrix) 


Trailing  Edge  Deflection  and  Rates  -  Ocmd  -  Model  Following  (Discrete 
using  Step-Response  Matrix) 


Rudder  Deflection  and  Rate  -  ficmd  *  Model  Following  (Discrete  using 
Step-Response  Matrix) 


Appendix  F.  MATRIX^  Simulation  Macros 


Introduction 

This  appendix  contains  the  MATRIX*  macros  used  in  the  simulation  of  the  j 

aircraft  control  laws.  The  executable  file  ARM  A  is  described  in  Appendix  B  to 
complement  the  discussion  developing  the  ARMA  plant  representation.  Gener¬ 
ally,  the  listings  are  complete  with  comments  interleaved  into  the  executable  code. 

Each  of  the  macros  can  be  executed  if  typed  in  as  listed  and  at  the  MATRIX* 
prompt  typing  EXEC(’Filename’).  The  macro  labeled  MULTI  is  the  main  pro¬ 
gram  and  calls  several  of  the  other  files  used  in  the  building  of  the  system.  Using 
executable  code  is  convenient,  easy  to  debug,  and  takes  less  storage  space  than 
regular  MATRIX*  storage  files. 

^  %  Plant  Matrices 

Once  obtained  from  the  LEMCO  program  of  Appendix  A,  the  A  and  B 
matrices  are  provided  to  MATRIX*  by  the  following  macros.  In  addition  to  the 
standard  A  and  B  matrices,  the  C  matrix  is  expanded  to  include  other  outputs, 
allowing  observation  of  all  states  and  the  normal  acceleration  at  the  pilot  station. 

The  normal  acceleration  relationships  are  given  in  Chapter  2. 
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ACM  Entry  Plant  Matrices  -  No  Failures 


// 


ACMENTRY  PLANT  MATRICES 


//THE  FOLLOWING  LISTINGS  OF  MATRICES  CAN  BE  PUT  INTO  MATRIXX  BY 
//COPYING  THE  FOLLOWING  PROGRAM  INTO  A  <FILENAME> .DAT  AND 
//USING  THE  EXECC<FILENAME>’)  COMMAND  IN  MATRIXX 

All  =< 


0. 

0. 


0.  : 

0.  >: 


A12 


=  < 


0.0000 

0.0000 

1 .0000 

0.0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0 . 0000 

0.0000 

1 .0000 

0.0349 

21 

=  < 

32.1804 

0.0000 

-1.0634 

0.0000 

0.0000 

0.0000 

0.0000 

0 . 0360 

0.0000 

0.0000 

0.0000 

o.oooo>: 

122 

=  < 

-0.0119 

-0.0186 

-31.2350 

0.0000 

0 . 0000 

0.0000: 

-0.0324 

-1.0634 

894 . 4548 

0.0000 

0.0000 

0.0000; 

-0,0002 

0.0069 

-0.6015 

0.0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0.0000 

-0.0929 

0.0349 

-0.9994; 

0.0000 

0.0000 

0.0000 

-27 . 8066 

-2.0376 

0.4913; 

0.0000 

0.0000 

0.0000 

2.4582 

-0.0241 

-0.4377> 

//*♦*****♦♦*♦*****♦♦•>*:*♦******♦♦**♦***♦*****♦*••*********»**********♦♦*•* 
A  =  <A11  A12;  A21  A22> ; 

//♦**********3(r****^:^*3#f************l(iHi***5(t**#***^*#***#******5*t************* 

//THE  COMPLETE  9  DEGREE  OF  FREEDOM  BMATRIX  IS  LISTED  BELOW 
//SINCE  THE  AIRCRAFT  TRAILING  EDGE  SURFACES  WERE  TIED  TOGETHER 
//COLUMNS  3.4  AND  7  WERE  COMBINED  AND  5. 6. AND  8  WERE  COMBINED 


//LEAVING  A  5  INPUT  5  OUTPUT  SYSTEM  FOR  PORTER  ANALYSIS 


BIBASIC  =  < 


0. 

0. 


0.  0.  0.  0. 

0.  0.  0.  0. 


0.  0.  0. 

0.  0.  0. 


0. : 
c.>: 


B2BASIC  =  < 


0.0411 

-0.3163 

0.1014 

0.0003 

0.0762 

0.0486 


0.0411 

-0.3163 

0.1014 

-0.0003 

-0.0762 

-0.0486 


0.1322 

-0.9597 

-0.0284 

-0.0002 

0.2219 

0.0029 


0.0866 

-0.6194 

-0.0215 

-0.0001 

0.2011 

0.0021 


0.1322 

-0.9597 

-0.0284 

0.0002 

-0.2219 

-0.0029 


0.0866 

-0.6194 

-0.0215 

0.0001 

-0.2011 

-0.0021 


0.1018 

-1.0183 

-0.0200 

-0.0001 

0.1109 

0.0021 


0.1018  0.0000; 
-1.0183  0.0000; 
-0.0200  0.0000; 
0.0001  0.0006; 
-0.1109  0.1144; 
-0.0021  -.0544>; 


Bl=  <B1BASIC( : . 1) .B1BASIC( : .2) .BIBASICC : .3)+BlBASIC( : ,4)+BlBASIC( : .7) . . .  . 
B1BASIC( : .5)+BlBASIC( : ,6)+BlBASIC( ; .8) .BIBASICC : .9)>; 


B2=  <B2BASIC( : . 1) .B2BASIC( : .2) .B2BASIC( : .3)+B2BASIC( : ,4)+B2BASIC( : ,7) _ 

B2BASIC( : .5) +B2BASIC ( : .6)+B2BASIC( : ,8) .B2BASIC( : ,9)> ; 


B  =  <B1  ;  B2>; 

Cl  =  < 

0.  0.  ; 

0.  0.  ; 

1 .  0.  ; 

0.  1 .  ; 

0.  0.>; 


C2  =  < 


1 . 0000 

0.0349 

0 . 0000 

0.0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0.0000 

1.0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0 . 0000 

0.0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

1 .0000>; 

C  =  < 
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0.0000  0.0000  1.0000  0.0349  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  1.0000  0.0000  0.0000: 

1.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  1.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  1.0000: 

0.0000  0.0000  0.0000  1,0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  1.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  1.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000>: 

//CONTROLLED  OUTPUTS  ARE  AS  FOLLOWS; 

//Yl  =  VELOCITY 

//Y2  =  BETA 

//Y3  =  THETA 

//Y4  =  PHI 

//Y5  =  YAW  RATE  "R" 

//ADDITIONAL  OUTPUTS  ARE  AS  FOLLOWS 
//Y6  =  "W" 

//Y7  =  "Q"  PITCH  RATE 
//Y8  =  "P«  ROLL  RATE 

//Y9  =  "NZ"  NORMAL  ACCELERATION  AT  CG-A2  DIVIDED  BY  G  WHERE. 

//  AZ=WDOT  -(UO)Q  +  (GSTHEO)DELTHETA  FT/SEC  SQ 

C(9. :)=(A(4. :)+<0  000  895.92  0  0  0>+<1.1228  000000  0>)/(-32. 174) ; 

//DEFINITIONS  FOR  THETADD  FOR  NORMAL  ACCELERATIION  AT  PILOT  STATION 

MSU  =  -.00023492; 

MW  =  .006727; 

MQ  =  - . 559 : 

MWDOT  =  -.00006742: 

MDCL  =  .07153; 

MDCR  =  .10753; 

MDTEL  =  -.0293  -  .0224  -  .02068; 

MDTER  =  -.0293  -  .0224  -  .02068; 

C(10, ;)=<C(9. :)+(MSU*C(l,:)+MW*C(6, : )+MQ*C (7 , : ) +MWD0T*A(4 , ; ) ) /I . 15> ; 
NZM=<MDCL . MDCR , MDTEL , MDTER> ; 

CLEAR  MDCL  MDCR  MDTEL  MDTER  MSU  MW  MWDOT  MQ 

D  =< 
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0.0000  0.0000  0.0000 

0.0000  0.0000  0.0000 

0.0000  0.0000  0.0000 

0.0000  0.0000  0.0000 

0.0000  0.0000  0.0000 

0.0000  0.0000  0.0000 

0.0000  0.0000  0.0000 

0.0000  0.0000  0.0000 

0.0000  0.0000  0.0000 

0.0000  0.0000  0.0000 


0.0000  0.0000; 
0.0000  0.0000; 
0.0000  0.0000; 
0.0000  0.0000; 
0.0000  0.0000; 
0.0000  0.0000; 
0.0000  0.0000; 
0.0000  0.0000; 
0.0000  0.0000; 
0.0000  0.0000>; 


S  =  <A  B:C  D>; 

//THE  MEASUREMENT  MATRIX  CHOSEN  FOR  THE  IRREGULAR  PLANT  DESIGN 
M  =  < 


0.0000 

0.0000; 

0.0000 

0.0000; 

0.2500 

0.0000; 

0.0000 

0.2500; 

0.0000 

0.0000>; 

ACM  Entry  Plant  Matrices  -  30  Percent  Loss  of  Effectiveness  -  TEL 


//  ACM30TL  PLANT  MATRICES 

//  30  PERCENT  LEFT  TRAILING  EDGE 

//THE  FOLLOWING  LISTINGS  OF  MATRICES  CAN  BE  PUT  INTO  MATRIXX  BY 
//COPYING  THE  FOLLOWING  PROGRAM  INTO  A  <FILENAME> .DAT  AND 
//USING  THE  EXEC(’<FILENAME>’)  COMMAND  IN  MATRIXX 

All  =< 

0.  0.; 

0 .  0 .  > ; 
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A12 


< 


0.0000 

0.0000 

1.0000 

0.0000 

0 . 0000 

0.0000; 

0.0000 

0.0000 

0.0000 

0.0000 

1.0000 

0.0450 

> 

A21 

=  < 

-32.1420 

0.0000 

-1 .4370 

0.0000 

0.0000 

0.0000 

0.0000 

0.0360 

0.0000 

0.0000 

0.0000 

0.0000>; 

A22 

=  < 

-0.0050 

0.0550 

-39.9760 

0.0000 

0.0000 

0.0000 

-0.0240 

-1.0280 

894.1070 

0.0000 

0 . 0000 

0.0000 

0.0000 

0.0070 

-0.6920 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

-0.0990 

0.0450 

-0.9990 

0 . 0000 

0.0000 

0.0000 

-31.8340 

-2.1380 

0.5160 

0.0000 

0.0000 

0.0000 

2.6670 

-0.0310 

-0.4420>; 

'  A  =  <A11  A12;  A21  A22> : 

//*♦*♦***»*******#****************•***♦*,  .  -vt  ************** 

//THE  COMPLETE  9  DEGREE  OF  FREEDOM  BMATRIX  IS  LISTED  BELOW 
I  //SINCE  THE  AIRCRAFT  TRAILING  EDGE  SURFACES  WERE  TIED  TOGETHER 

//COLUMNS  3,4  AND  7  WERE  COMBINED  AND  5. 6. AND  8  WERE  COMBINED 
//LEAVING  A  5  INPUT  5  OUTPUT  SYSTEM  FOR  PORTER  ANALYSIS 

BIBASIC  =  < 

I  I 


0. 

0. 

0,  0. 

0. 

0.  0. 

0. 

0. : 

0. 

B2BASIC 

0.  0.  0. 

=  < 

0. 

0.  0. 

0. 

0.>; 

0.0520 

0.0520 

0 . 0000 

0.0780 

0.1040 

0.0670 

0 . 0930  0 . 0800  0 . 0000 ; 
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-0.3300  -0.3300  0.0000  -0.6220  -0.9650  -0.6220  -0.7350  -0.7350  0.0000; 

0.1020  0.1020  0.0000  -0.0210  -0.0280  -0.0210  -0.0200  -0.0200  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0010; 

0.08C*0  -0.0760  0.0000  0.2010  -0.2220  -0.2010  0.1110  -0.1110  0.1150; 

0.0490  -0.0480  0.0000  0.0030  -0.0040  -0.0030  0.0030  -0.0030  0.0550>; 


Bl=  <B1BASIC(: ,1) .B1BASIC(; .2) .B1BASIC( ; .3)+BlBASIC( : .4)+BlBASIC( ; ,7) _ 

BIBASICC: .5)+BlBASIC(; .6)+BlBASIC( ; .8) .B1BASIC(: ,9)>; 

B2=  <B2BASIC( :  .1)  .B2BASIC( :  .2)  .B2BASIC(  :  .3)+B2BASIC( ;  .4)-t-B2BASIC( :  ,7) _ 

B2BASIC(; . 5) +B2BASIC( : .6)4B2BAS1C( ; .8) .B2BASIC( : ,9)>; 

//^*****:ttm***iHl  **********  ******»*******•******m***^t****<^****^c^,:H,»^,*i,^i^,^,** 

B  =  <Bi  :  B2>: 

Cl  =  < 

0.  0.  ; 

0.  0.; 

ttl'  1.  0.; 

0.  1 .  ; 

0.  0.>; 


C2  =  < 


1 . 0000 

0.0410 

0.0000 

0.0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0.0000 

1 .0000 

0.0000 

0.0000; 

0.0000 

0 . 0000 

0 . 0000 

0 . 0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0 . 0000 

0.0000 

0 . 0000 

1 . 0000> ; 

//******************************************m**************************** 

c  =  < 

0.0000  0.0000  1.0000  0.0410  0.0000  0.0000  0.0000  0.0000; 

0 . 0000  0 . 0000  0 . 0000  0 . 0000  0 . 0000  1 . 0000  0 . 0000  0 . 0000 ; 

1 . 0000  0 . 0000  0 . 0000  0 . 0000  0 . 0000  0 . 0000  0 . 0000  0 . 0000 ; 

0 . 0000  1 . 0000  0 . 0000  0 . 0000  0 . 0000  0 . 0000  0 . 0000  0 . 0000 ; 

0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  1.0000; 

0 . 0000  0 . 0000  0 . 0000  1 . 0000  0 . 0000  0 . 0000  0 . 0000  0 . 0000 ; 
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0.0000  0.0000  0.0000  0.0000  1.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  1.0000  0.0000: 

0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000>: 

//CONTROLLED  OUTPUTS  ARE  AS  FOLLOWS; 

//Yl  =  VELOCITY 

I  I'll  =  BETA 

//Y3  =  THETA 

//Y4  =  PHI 

//Y5  =  YAW  RATE  "R" 

//ADDITIONAL  OUTPUTS  ARE  AS  FOLLOWS 
//Y6  =  "W" 

//Y7  =  "0"  PITCH  RATE 
//Y8  =  "P"  ROLL  RATE 

//Y9  =  "NZ"  NORMAL  ACCELERATION  AT  CG-AZ  DIVIDED  BY  G  WHERE. 

//  AZ=WDOT  -(U0)Q  +  (GSTHEO)DELTHETA  FT/SEC  SQ 

C(9,  :)  =  (A(4.  ■.)+<0  0  0  0  895.92  0  0  0>+<1.4370  0  0  0  0  0  0  0>)/(-32. 174)  ; 


//DEFINITIONS  FOR  THETADD  FOR  NORMAL  ACCELERATIION  AT  PILOT  STATION 

MSU  =  -.00031100; 

MW  =  .006950; 

MQ  =  -.6289; 

MWDOT  =  -.00007020; 

MDCL  =  .10000; 

MDCR  =  .10000; 

MDTEL  =  0.0000  -  .0214  -  .01982; 

MDTER  =  -.0283  -  .0214  -  .01982; 

C(10,  :)=<C(9,  .•)  +  (MSU*C(l.  :)+MW*C(6.  ;)+MQ*C(7.  :)+MWD0T*A(4,  :))/!.  15>; 
NZM=<MDCL . MDCR , MDTEL , MDTER> ; 

CLEAR  MDCL  MDCR  MDTEL  MDTER  MSU  MW  MD  MWDOT  MQ 

//**♦****♦**♦♦**♦***♦*****»**•*♦********************•**********♦****»**** 


D  =< 

0.0000  0.0000  0.0000  0.0000  0.0000 
0.0000  0.0000  0.0000  0.0000  0.0000 
0.0000  0.0000  0.0000  0.0000  0.0000 
0.0000  0.0000  0.0000  0.0000  0.0000 
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0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000>; 


S  =  <A  B;C  D>; 

//THE  MEASUREMENT  MATRIX  CHOSEN  FOR  THE  IRREGULAR  PLANT  DESIGN 
M  =  < 


0.0000 

0.0000; 

0 . 0000 

0.0000; 

0.2500 

0.0000; 

0.0000 

0.2500; 

0.0000 

0.0000>; 

1 


1 


ACM  Entry  Plant  Matrices  -  50  Percent  Loss  of  Effectiveness  -  CL 


//  ACM50CL  PLANT  MATRICES 

//  50  PERCENT  LEFT  CANARD  FAILURE 

//THE  FOLLOWING  LISTINGS  OF  MATRICES  CAN  BE  PUT  INTO  MATRIXX  BY 
//COPYING  THE  FOLLOWING  PROGRAM  INTO  A  <FILENAME> .DAT  AND 
//USING  THE  EXECC<FILENAME>’)  COMMAND  IN  MATRIXX 

All  =< 

0.  0.  ; 

0.  0.  >; 

A12  =  < 

0.0000  0.0000  1.0000  0.0000  0.0000  0.0000; 
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0.0000 

0 . 0000 

0 . 0000 

0.0000 

1 .0000 

0.0390  > 

A21 

=  < 

-32.1500 

0.0000 

-1 .2460 

0.0000 

0.0000 

0.0000 

0.0000 

0.0360 

0.0000 

0.0000 

0.0000 

0.0000>; 

A22 

=  < 

-0.0080 

0.0580 

-36.6690 

0.0000 

0.0000 

0.0000; 

-0.0290 

-1 .0450 

894.3280 

0.0000 

0.0000 

0.0000; 

0 . 0000 

0.0040 

-0.6460 

0.0000 

0 . 0000 

0.0000; 

0.0000 

0.0000 

0.0000 

-0.0820 

0.0390 

-0.9990; 

0.0000 

0.0000 

0.0000 

-23.8380 

-2.0700 

0 . 4990 ; 

0.0000 

0.0000 

0.0000 

2.4580 

-0.0270 

-0.4520>; 

A  =  <A11  A12:  A21  A22>; 

//***«**4<***«««***««**«*ik«**«*»*4>*»******4c***»***«*»««**«4i»«»***«***««««« 

//THE  COMPLETE  9  DEGREE  OF  FREEDOM  BMATRIX  IS  LISTED  BELOW 
//SINCE  THE  AIRCRAFT  TRAILING  EDGE  SURFACES  WERE  TIED  TOGETHER 
//COLUMNS  3,4  AND  7  WERE  COMBINED  AND  5, 6, AND  8  WERE  COMBINED 
//LEAVING  A  5  INPUT  5  OUTPUT  SYSTEM  FOR  PORTER  ANALYSIS 


BIBASIC 

=  < 

0. 

0.  0.  0. 

0.  0.  0 

0. 

0.  ; 

0. 

0.  0.  0. 

0.  0.  0 

0. 

0.>; 

B2BASIC 

=  < 

-0.1560 

-0.1150  0.1320 

0.0840  0.1320 

0 . 0840 

0.1000 

0.1000 

0.0000 

-0.1150 

-0.2250  -0.9610 

-0.6210  -0.9610 

-0.6210 

-0.7320 

-0.7320 

0 . 0000 

0.0360 

0.0720  -0.0280 

-0.0220  -0.0280 

-0.0220 

-0.0200 

-0.0200 

0.0000 

0.0000 

-0.0010  0.0000 

0.0000  0.0000 

0 . 0000 

0.0000 

0.0000 

0.0010 

0.0350 

-0.0690  0.2220 

0.2010  -0.2220 

-0.2010 

0.1110 

-0.1110 

0.1140 

0.0240  -0.0490  0.0030  0.0030  -0.0030  -0.0030  0.0020  -0.0020  -.0550>; 


Bl=  <B1BASIC(; ,1) .BIBASICC: .2) .B1BASIC( : .3)+BlBASIC( : .4)+BlBASIC( : ,7) . . . 
BIBASICC: ,5)+BlBASIC(: .6)+BlBASIC(: .8) .BIBASICC : .9)>; 

B2=  <B2BASIC(: .1) .B2BASIC( : .2) .B2BASIC( ; .3)+B2BASIC( ; .4)+B2BASIC( : .7) . . . 
B2BASIC(; .5)+B2BASIC(; .6)+B2BASIC(: .8) .B2BASIC(; .9)>: 

//***************  **********iHf***ir**tr****^***************^:*:t‘^’^***  ********* 

B  =  <B1  :  B2>: 

Cl  =  < 

0.  0. : 

0.  0. : 

1 .  0 .  ; 

0 .  1 .  ; 

0.  o.>: 


C2  =  < 


1.0000 

0.0349 

0.0000 

0.0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0.0000 

1.0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0 . 0000 

0.0000 

0.0000 

0.0000; 

0 . 0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000; 

0.0000 

0 . 0000 

0.0000 

0.0000 

0 . 0000 

1 . 0000> ; 

//*******«******♦******»**»♦****♦♦**»********************»********»**#» 
c  =  < 

0.0000  0.0000  1.0000  0.0349  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  1.0000  0.0000  0.0000; 

1.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  1.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  1.0000; 

0.0000  0.0000  0.0000  1.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  1.0000  0.0000  0.0000  0.0000; 

0 . 0000  0 . 0000  0 . 0000  0 . 0000  0 . 0000  0 . 0000  1 . 0000  0 . 0000 ; 

0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000>; 

//CONTROLLED  OUTPUTS  ARE  AS  FOLLOWS; 

//Yl  =  VELOCITY 
//Y2  =  BETA 
//Y3  =  THETA 
//Y4  =  PHI 


if 


//Y5  =  YAW  RATE  "R" 

//ADDITIONAL  OUTPUTS  ARE  AS  FOLLOWS 
//Y6  =  "W" 

//Y7  =  "Q"  PITCH  RATE 
//Y8  =  "P"  ROLL  RATE 

//Y9  =  "NZ"  NORMAL  ACCELERATION  AT  CG-AZ  DIVIDED  BY  G  WHERE. 

//  AZ=WDOT  -(UO)Q  +  (GSTHEO)DELTHETA  FT/SEC  SQ 

C(9. :)=(A(4, :)+<0  000  895.92  0  0  0>+<1.2460  000000  0>)/(-32. 174) ; 

//DEFINITIONS  FOR  THETADD  FOR  NORMAL  ACCELERATIION  AT  PILOT  STATION 

MSU  =  -.00016420; 

MW  =  .004190; 

MQ  =  - . 587 ; 

MWDOT  =  -.00006557; 

MDCL  =  .03600; 

MDCR  =  .07200; 

MDTEL  =  -.0284  -  .0215  -  .01980; 

MDTER  =  -.0284  -  .0215  -  .01980; 

C(10.  ;)=<C(9.  :)-f(MSU*C(l.  .•)+MW*C(6.  :)+MQ*C(7,  :)+MWD0T*A(4,  :))/!.  15>; 
NZM=<MDCL , MDCR . MDTEL . MDTER> ; 

CLEAR  MDCL  MDCR  MDTEL  MDTER  MSU  MW  MD  MWDOT  MQ 

/ /*ini**m****»»**  *******  **********m*****riim*:¥**:if*iit**ir*nfm**>ii*rit*!^!ifmi(*tnini** 

D  =< 


0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000>; 


S  =  <A  B;C  D>; 


i 


! 


I 
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//THE  MEASUREMENT  MATRIX  CHOSEN  FOR  THE  IRREGULAR  PLANT  DESIGN 


M  =  < 

0.0000  0.0000; 
0.0000  0.0000; 
0.2500  0.0000; 

0.0000  0.2500; 

0.0000  0.0000 : 


ACM  Exit  Plant  Matrices  -  No  Failures 


//  ACMEXIT  PLANT  MATRICES 

//THE  FOLLOWING  LISTINGS  OF  MATRICES  CAN  BE  PUT  INTO  MATRIXX  BY 
//COPYING  THE  FOLLOWING  PROGRAM  INTO  A  <FILENAME> .DAT  AND 
//USING  THE  EXEC('<FILENAME>’)  COMMAND  IN  MATRIXX 

All  =< 

0.  0. : 

0 .  0 .  >  ; 

A12  =  < 


0.0000 

0.0000 

1 .0000 

0.0000 

0 . 0000 

0 . 0000 ; 

0.0000 

0.0000 

0.0000 

0.0000 

1 .0000 

0.5184  >; 

A21 

=  < 

-28.5877 

0.0000 

-4.9465 

26.9479 

0.0000 

0.0000 

0.0472 

0.0322 

0.0000 

0.0000 

0.0000 

0.0000>; 

A22 

=  < 

-0.2762 

-0.0283 

-136.2191 

0.0000 

0.0000 

0.0000; 

0.1330 

-0.6753 

262.7934 

0 . 0000 

0 . 0000 

0.0000; 
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-0.0018 

0.0035 

-0.6511 

0.0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0.0000 

-0.0245 

0.4602 

-0.8878; 

0.0000 

0.0000 

0.0000 

-7.7280 

-1.4530 

0.9687; 

0.0000 

0.0000 

0.0000 

-.0889 

-0.0543 

0.0456>; 

/  /*l|^^^*!le^^*iHHL*^^***^^*^H^^^***<^*^Hf^^**^f^e*****■*****^Kk*********m*»:*************** 

A  =  <A11  A12:  A21  A22>: 

//4i**4>*4t*««it[ik#«****»***************«4<««*******KE**«*«***4‘*«4c*!|<4i4^***:t>*«**i|t* 

//THE  COMPLETE  9  DEGREE  OF  FREEDOM  BMATRIX  IS  LISTED  BELOW 
//SINCE  THE  AIRCRAFT  TRAILING  EDGE  SURFACES  WERE  TIED  TOGETHER 
//COLUMNS  3.4  AND  7  WERE  COMBINED  AND  5. 6. AND  8  WERE  COMBINED 
//LEAVING  A  5  INPUT  5  OUTPUT  SYSTEM  FOR  PORTER  ANALYSIS 

BIBASIC  =  < 

0.  0.  0.  0.  0.  0.  0.  0.  0.; 

0.  0.  0.  0.  0.  0.  0.  0.  o.>: 

B2BASIC  =  < 

!•  -0.0253  -0.0281  0.0206  0.0131  0.0206  0.0131  0.0154  0.0154  0.0000; 

-0.1512  -0.1471  -0.1302  -0.0848  -0.1302  -0.0848  -0.0997  -0.0997  0.0000; 

0.0161  0.0156  -0.0024  -0.0018  -0.0024  -0.0018  -0.0016  -0.0016  0.0000; 

0.0007  -0.0007  -0.0001  -0.0001  0.0001  0.0001  -0.0001  0.0001  0.0004; 

0.0113  -0.0337  0.0270  0.0240  -0.0270  -0.0240  0.0135  -0.0135  0.0277; 

0.0133  -0.0121  -0.0005  -0.0004  0.0005  0.0004  -0.0004  0.0004  -.0130>; 

Bl=  <B1BASIC( : .1) .BIBASICC: ,2) ,B1BASIC( : .3)+BlBASIC( : ,4)+BlBASIC( : .7) . . . . 
BIBASICC ; ,5)+BlBASIC(: .6)+BlBASIC( : .8) .B1BASIC(: .9)>; 

B2=  <B2BASIC(; .1) .B2BASIC( ; ,2) ,B2BASIC( ; .3)+B2BASIC( : .4)+B2BASIC( : ,7) , . . . 
B2BASIC( : .5)+B2BASIC( : .6)+B2BASIC( : .8) ,B2BASIC( : .9)>; 

/  /****^l^t^^**^*^l**^‘************^f*^^*^t»:^**^cm*^^*  ******:*  !ti*:*******ti*tii»i**^******** 

B  =  <B1  ;  B2>; 

Cl  =  < 

0.  0.  ; 

0.  0.  ; 

1.  0.; 

0 .  1 .  ; 
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0 .  0 .  >  ; 


C2  =  < 


1.0000 

0.4600 

0.0000 

0 . 0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0.0000 

1.0000 

0.0000 

0.0000; 

0 . 0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0 . 0000 

0.0000 

0.0000 

1 .0000>; 

/ /if<IHtif*iHi:iHr>lnm**************m***<lr’t***************:***********************^(* 

C  =  < 

0.0000  0.0000  1.0000  0.4600  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  1.0000  0.0000  0.0000; 

1.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  1.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  1.0000; 

0.0000  0.0000  0.0000  1.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  1.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  1.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000>; 

//CONTROLLED  OUTPUTS  ARE  AS  FOLLOWS; 

//Yl  =  VELOCITY 

//Y2  =  BETA 

//Y3  =  THETA 

//Y4  =  PHI 

//Y5  =  YAW  RATE  "R" 

//ADDITIONAL  OUTPUTS  ARE  AS  FOLLOWS 
//Y6  =  "W" 

//Y7  =  "Q"  PITCH  RATE 
//Y8  =  »'P"  ROLL  RATE 

//Y9  =  "NZ"  NORMAL  ACCELERATION  -AZ  DIVIDED  BY  G  WHERE. 

//  AZ=WrOT  -(UO)Q  +  (GSTHEO)DELTHETA  FT/SEC  SQ 

C(9, :)=(A(4. :)+<0  000  296.29  0  0  0>+<14.8015  000000  0>)/(-32 . 174) ; 

//DEFINITIONS  FOR  THETADD  FOR  NORMAL  ACCELERATION  AT  PILOT  STATION 

MSU  =  -.00179226; 

MW  =  .003459; 

MQ  -  =  -.6511; 

MWDOT  =  -.001951; 
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MDCL 

=  .01608; 

MDCR 

=  .01559; 

MDTEL 

=  -.00238  - 

.00179  - 

.00164; 

MDTER 

=  -.00238  - 

.00179  - 

.00164; 

CdO. ;)=<C(9. :)+(MSU*C(l.:)+MW*C(6. :)+MQ*C(7. :)+MWD0T*A(4, :))/!. 15>: 
NZM  =  <MDCL.MDCR,MDTEL.MDTER>; 

CLEAR  MDCL  MDCR  MDTEL  MDTER  MSU  MW  MQ  MWDOT 


0.0000  0.0000  0.0000  0.0000  0.0000: 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000>: 


//***********#****itt***********i*******i*iiH(**i*r**itrj»**i(c***********************» 

s  =  <A  B:C  D>: 

//*»:ti*4<*4i*********4i«»****«****4i**i*i<lc3|c*%4E***«**********:tc****iti»*«4i*i^4^*4i)tc«**%* 

//THE  MEASUREMENT  MATRIX  CHOSEN  FOR  THE  IRREGULAR  PLANT  DESIGN 
M  =  < 


0.0000 

0.0000; 

0.0000 

0.0000; 

0 . 2500 

0.0000; 

0 . 0000 

0.2500; 

0.0000 

0.0000>: 

TF /TA  Plant  Matrices  -  No  Failures 
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//  TFTA  PLANT  MATRICES 

//THE  FOLLOWING  LISTINGS  OF  MATRICES  CAN  BE  PUT  INTO  MATRIXX  BY 
//COPYING  THE  FOLLOWING  PROGRAM  INTO  A  <FILENAME> .DAT  AND 
//USING  THE  EXEC( •<FILENAME>’)  COMMAND  IN  MATRIXX 

All  =< 


0.  0.  : 

0.  0.  >: 


A12  =  < 


0.0000 

0.0000 

1 .0000 

0.0000 

0.0000 

0 . 0000 ; 

0.0000 

0.0000 

0.0000 

0.0000 

1.0000 

0.0153  > 

A21 

=  < 

-32.1961 

0.0000 

-0 . 5002 

0.0000 

0.0000 

0.0000 

0.0000 

0.0320 

0.0000 

0.0000 

0.0000 

o.oooo>: 

A22 

=  < 

-0.0355 

0.0357 

-15.6105 

0.0000 

0.0000 

0.0000; 

-0.0071 

-3.2056 

-1004.8788 

0.0000 

0.0000 

0.0000; 

-0.0003 

0.0202 

-1.6773 

0.0000 

0.0000 

0.0000; 

0.0000 

0 . 0000 

0.0000 

-0.2538 

0.0155 

-0.9999; 

0 . 0000 

0 . 0000 

0.0000 

-66.9300 

-5.4612 

1 . 3049 ; 

0.0000 

0 . 0000 

0.0000 

8.2821 

-0.0299 

- 1 . 2709> 

//♦^♦♦♦*j|i*******************i((  *************  *****************ii<**#*iti***ii<itt*** 

A  =  <A11  A12:  A21  A22>; 

//***************************************♦*****************•************♦ 
//THE  COMPLETE  9  DEGREE  OF  FREEDOM  BMATRIX  IS  LISTED  BELOW 
//SINCE  THE  AIRCRAFT  TRAILING  EDGE  SURFACES  WERE  TIED  TOGETHER 
//COLUMNS  3.4  AND  7  WERE  COMBINED  AND  5, 6. AND  8  WERE  COMBINED 
//LEAVING  A  5  INPUT  5  OUTPUT  SYSTEM  FOR  PORTER  ANALYSIS 

BIBASIC  =  < 
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0.  0.  0.  0.  0.  0.  0.  0.  0.; 

0.  0.  0.  0.  0.  0.  0.  0.  0.>; 

B2BASIC  =  < 

-0.3284  -0.3284  0.2548  0.1679  0.2548  0.1679  0.1975  0.1975  0.0000; 

-0.6788  -0.6788  -1.7517  -1.1313  -1.7517  -1.1313  -1.3351  -1.3351  0.0000; 

0.2387  0.2387  -0.0534  -0.0406  -0.0534  -0.0406  -0.0372  -0.0372  0.0000; 

0.0012  -0.0012  -0.0001  -0.0001  0.0001  0.0001  -0.0001  0.0003  0.0018; 

0.2336  -0.2336  0.4200  0.3737  -0.4200  -0.3737  0.2100  -0.2100  0.3737; 

0.1590  -0.1590  0.0024  0.0012  -0.0024  -0.0012  0.0012  -0.0012  -.1795>; 

Bl=  <B1BASIC(: .D.BIBASICC: .2).B1BASIC(; .3)+BlBASIC(: .4)+BlBASIC(: .7) _ 

B1BASIC(; ,5)+BlBASIC(: .6)+BlBASIC( : .8) .B1BASIC( : .9)> : 

B2=  <B2BASIC( : .1) .B2BASIC( : .2) .B2BASIC( : .3)+B2BASIC( : .4)+B2BASIC( : .7) , . . . 
B2BASIC( ; .5)+B2BASIC( : .6)+B2BASIC( : .8) ,B2BASIC( : ,9)> ; 

B  =  <B1  ;  B2>; 


0.  0. ; 

0.  0. ; 

1 .  0 .  ; 

0.  1 . ; 

0.  0.>; 


C2  =  < 


1.0000 

0.0138 

0.0000 

0.0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0.0000 

l.OOOO 

0.0000 

0.0000; 

0.0000 

0.0000 

0 . 0000 

0.0000 

0 . 0000 

0.0000; 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0 . 0000 ; 

0.0000 

0.0000 

0.0000 

0.0000 

0 . 0000 

1 . 0000> ; 

// ^H^****^t^t*^t*:ti*lHt*^L*^L^L*^,^H^^l^,^c*.t*^‘*******  *******:*!>:  mm*  ************** 

c  =  < 

0.0000  0.0000  1.0000  0.0138  0.0000  0.0000  0.0000  0.0000; 

0 . 0000  0 . 0000  0 . 0000  0 . 0000  0 . 0000  1 . 0000  0 . 0000  0 . 0000 ; 
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1 . 0000  0 . 0000  0 . 0000  0 . 0000  0 . 0000  0 . 0000  0 . 0000  0 . 0000 ; 

0.0000  1.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  1.0000; 

0.0000  0.0000  0.0000  1.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  1.0000  0.0000  0.0000  0.0000; 

0 . 0000  0 . 0000  ^ . 0000  0 . 0000  0 . 0000  0 . 0000  1 . 0000  0 . 0000 ; 

0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000>; 

//CONTROLLED  OUTPUTS  ARE  AS  FOLLOWS; 

//Yl  =  VELOCITY 

//Y2  =  BETA 

//Y3  =  THETA 

//Y4  =  PHI 

//Y5  =  YAW  RATE  "R” 

//ADDITIONAL  OUTPUTS  ARE  AS  FOLLOWS 
//Y6  =  "W" 

//Y7  =  "Q"  PITCH  RATE 
//Y8  =  "P"  ROLL  RATE 

//Y9  =  "NZ"  NORMAL  ACCELERATION  -AZ  DIVIDED  BY  G  WHERE. 

//  AZ=WDOT  -(UO)Q  +  (GSTHEO)DELTHETA  FT/SEC  SQ 

CO.  :)  =  (A(4.  :>+<0  0  0  0  1005.0  0  0  0>+<.4436  0  0  0  0  0  0  0>)/(-32. 174)  ; 
H  «  //DEFINITIONS  FOR  THETADD  FOR  NORMAL  ACCELERATION  AT  PILOT  STATION 

MSU  =  -.0002745; 

MW  =  .0199; 

MQ  =-1.653359; 

MWDOT  =  -.00016449; 

MDCL  =  .2353; 

MDCR  =  .2353; 

MDTEL  =  -.05267  -  .04  -  .0366; 

MDTER  =  -.05267  -  .04  -  .0366; 


C ( 10 , : ) =<C (9 , : ) + (MSU*C ( 1 . : ) +MW*C(6 . : ) +MQ*C ( 7 , : ) +MWDOT*A (4 , ; ) ) /I . 15> ; 


I 


I 


NZM=<MDCL .MDCR .MDTEL .MDTER> ; 


CLEAR  MDCL  MDCR  MDTEL  MDTER  MWDOT  MQ  MW 


I 


D  =< 


0.0000  0.0000  0.0000  0.0000  0.0000 

0.0000  0.0000  0.0000  0.0000  0.0000 

0.0000  0.0000  0.0000  0.0000  0.0000 
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r 


0.0000  0.0000  0.0000 

0.0000  0.0000  0.0000 

0.0000  0.0000  0.0000 

0.0000  0.0000  0.0000 

0.0000  0.0000  0.0000 

0.0000  0.0000  0.0000 

0.0000  0.0000  0.0000 


0 . 0000 
0.0000 
0 . 0000 
0.0000 
0.0000 
0.0000 
0.0000 


0 . 0000 ; 
0.0000; 
0.0000; 
0.0000; 
0.0000; 
0.0000; 
0.0000>; 


/  if**  if**  ******  *^^*****i^****^^*i^:^i^i|^^|^ 

S  =  <A  B;C  D>; 

//************************************************************************ 
//THE  MEASUREMENT  MATRIX  CHOSEN  FOR  THE  IRREGULAR  PLANT  DESIGN 

M  =  < 


0.0000 

0.0000; 

0.0000 

0.0000; 

0 . 2500 

0 . 0000 ; 

0.0000 

0.2500; 

0.0000 

0 . 0000> ; 

i 


TF/TA  Plant  Matrices  -  30  Percent  Loss  of  Effectiveness  -  TEL 


//  TFTA30TL.DAT  PLANT  MATRICES  I 

//  (100  PERCENT  LOE  TEIL) 

//THE  FOLLOWING  LISTINGS  OF  MATRICES  CAN  BE  PUT  INTO  MATRIXX  BY 
//COPYING  THE  FOLLOWING  PROGRAM  INTO  A  <FILENAME> .DAT  AND 
//USING  THE  EXEC('<FILENAME>’)  COMMAND  IN  MATRIXX 

All  =< 

0.  0.  ; 


A12  =  < 
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0.0000  0.0000  1.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  1.0000  0.0160>: 

A21  =  < 

-32.1704  0.0000; 

-0.5110  0.0000; 

0.0000  0.0000; 

0.0000  0.0320; 

0.0000  0.0000; 

0.0000  o.oooo>: 

A22  =  < 


-0.0330 

-0.0200 

-15.2961 

0.0000 

0.0000 

0.0000 

-0.0080 

-3.0620 

1004.8730 

0.0000 

0.0000 

0.0000 

0.0000 

0.0210 

-1.8240 

0.0000 

0.0000 

0 . 0000 

0.0000 

0.0000 

0.0000 

-0 . 2460 

0.0160 

-1.0000 

0.0000 

0.0000 

0 . 0000 

-65.9740 

-5.4310 

1 . 2860 

0.0000 

0.0000 

0 . 0000 

8.1650 

-0.0340 

-1 .2630>; 

//«*««4i*«4i*«**4i******»*4^«***i*«*««<*»***>k«*»«*:«i*4'#4r*4'«*****»4t!tt:**»*«*««**v:«i* 

A  =  <A11  A12;  A21  A22>; 

//******^**^i**i:1t*m**************i^-lf***i****m**»l*»»*********:*ai**»*ic*it******* 

//THE  COMPLETE  9  DEGREE  OF  FREEDOM  BMATRIX  IS  LISTED  BELOW 
//SINCE  THE  AIRCRAFT  TRAILING  EDGE  SURFACES  WERE  TIED  TOGETHER 
//COLUMNS  3.4  AND  7  WERE  COMBINED  AND  5, 6. AND  8  WERE  COMBINED 

//LEAVING  A  5  INPUT  5  OUTPUT  SYSTEM  FOR  PORTER  ANALYSIS 

BIBASIC  =  < 

0.  0.  0.  0.  0.  0.  0.  0.  0.; 

0.  0.  0.  0.  0.  0.  0.  0.  0.>; 

B2BASIC  =  < 

-0.3450  -0.3450  0.0930  0.1580  0.2520  0.1580  0.1940  0.1940  0.0000; 

-0.6760  -0.6760  0.0000  -1.1140  -1.7250  -1.1140  -1.3160  -1.3160  0.0000; 

0.2360  0.2360  0.0000  -0.0400  -0.0520  -0.0400  -0.0360  -0.0360  0.0000; 

0.0010  -0.0010  -0.0000  -0.0000  0.0000  0.0000  -0.0000  0.0000  0.0020; 

0.2300  -0.2300  0.0000  0.3680  -0.4150  -0.3680  0.2070  -0.2070  0.3800; 

0.1570  -0.1570  0.0000  0.0010  -0.0020  -0.0010  0.0010  -0.0010  -.1770>; 
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Bl=  <B1BASIC( : .1) .BIBASICC : .2) ,B1BASIC(; , 3) +B1BASIC ( ; ,4)+BlBASIC( ; ,7) . 
BIBASICC; ,5)+BlBASIC(: .6)+BlBASIC( ; .8) .BIBASICC : .9)> ; 

B2=  <B2BASIC(: .1) .B2BASIC( : .2) .B2BASIC( : ,3)+B2BASIC( ; .4)+B2BASIC( ; .7) . 
B2BASIC(: ,5)+B2BASIC(; ,6)+B2BASIC(; .8) .B2BASIC(; ,9)>: 

//***♦**♦****************♦****♦♦*****♦**»****♦**********************»** 
B  =  <B1  :  B2>: 

Cl  =  < 

0.  0. : 

0.  0. : 

1.  0.  ; 

0.  1. ; 

0 .  0 .  >  ; 


C2  =  < 


1 .0000 

0.0160 

0.0000 

0.0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0.0000 

1.0000 

0.0000 

0 . 0000 ; 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0 . 0000 ; 

0 . 0000 

0 . 0000 

0 . 0000 

0.0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0 . 0000 

0.0000 

0.0000 

1.0000>; 

//***»*♦*****♦*****************♦*****•**»******♦****»********»****♦#•»* 
c  =  < 

0.0000  0.0000  1.0000  0.0160  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  1.0000  0.0000  0.0000; 

1.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  1.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  1.0000; 

0.0000  0.0000  0.0000  1.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  1.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  1.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000>; 

//CONTROLLED  OUTPUTS  ARE  AS  FOLLOWS; 

//Yl  =  VELOCITY 


//Y4  =  PHI 

//Y5  =  YAW  RATE  "R" 

//ADDITIONAL  OUTPUTS  ARE  AS  FOLLOWS 
//Y6  =  "W" 

//Y7  =  "Q"  PITCH  RATE 
//Y8  =  "P"  ROLL  RATE 

//Y9  =  "NZ"  NORMAL  ACCELERATION  -AZ  DIVIDED  BY  G  WHERE, 

//  AZ=WDOT  -(UO)Q  +  (GSTHEO)DELTHETA  FT/SEC  SQ 

C(9, :)=(A(4. :)+<0  000  1005  0  0  0>+<0. 51090  000000  0>) / (-32 . 174) ; 


//DEFINITIONS  FOR  THETADD  FOR  NORMAL  ACCELERATIION  AT  PILOT  STATION 

MSU  =  -.00032138; 

MW  =  .020200; 

MQ  =  -1.6586; 

MWDOT  =  -.00016501; 

MDCL  =  .23586; 

MDCR  =  .23586; 

MDTEL  =  -.0366  -  .0000  -  .04000; 

MDTER  =  -.0366  -  .0256  -  .04000; 

CdO.  :)=<C(9.  ;)  +  (MSU*C(l , ; )+MW*C(6, : )+MQ*C(7 ,  :)+MWD0T*A(4 , : ) ) /1 . 15> ; 

NZM=<MDCL , MDCR . MDTEL . MDTER> ; 

CLEAR  MDCL  MDCR  MDTEL  MDTER  MSU  MW  MD  MWDOT  MQ 

//********»•**♦**»***************♦**»***********»********************** 
D  =< 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0  OOOO  0.0000  0.0000  0.0000  0.0000; 
j.OCCO  0.0000  0.0000  0.0000  0.0000: 

0.0000  0.0000  0.0000  0.0000  0.0000; 

C.OOOO  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000>; 


i 


S  =  <A  B:C  D>; 
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/ /innf**m*^*************************************************** ********** 

//THE  MEASUREMENT  MATRIX  CHOSEN  FOR  THE  IRREGULAR  PLANT  DESIGN 


I 

I 


M  =  < 


0.0000  0.0000: 
0.0000  0.0000; 
0.2500  0.0000; 

0.0000  0.2500; 

0.0000  0.0000>: 


I 


TF /TA  Plant  Matrices  -  50  Percent  Loss  of  Effectiveness  -  CL 


//  TFTA50CL.DAT  PLANT  MATRICES 

//  (50  PERCENT  LOE  CANARD  LEFT) 

*  //THE  FOLLOWING  LISTINGS  OF  MATRICES  CAN  BE  PUT  INTO  MATRIXX  BY 

//COPYING  THE  FOLLOWING  PROGRAM  INTO  A  <FILENAME> .DAT  AND 
//USING  THE  EXEC( •<FILENAME>*)  COMMAND  IN  MATRIXX 

All  =< 

I 

0.  0.  ; 

0.  0.  >: 


A12 

=  < 

0 . 0000 

0.0000 

1 .0000 

0.0000 

0 . 0000 

0.0000; 

0.0000 

0 . 0000 

0 . 0000 

0.0000 

1 .0000 

o.oiio>: 

A21  =  < 


-32.1720 
-0.3540 
0 . 0000 
0 . 0000 
0.0000 
0.0000 

A22 


0.0000; 

0 . 0000 : 

0 . 0000 ; 
0.0320; 
0.0000; 
0.0000>; 

=  < 
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i 


-0.0380 

-0.0290 

-11 .0560 

0.0000 

0.0000 

0.0000; 

-0.0160 

-3.6430 

1005.4390 

0.0000 

0.0000 

0.0000; 

0.0000 

0.0140 

-2.1070 

0.0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0.0000 

-0.2780 

0.0110 

-1.0000; 

0.0000 

0.0000 

0.0000 

-77.1970 

-6.1840 

1 .4760; 

0.0000 

0.0000 

0.0000 

8.7570 

-0.0290 

-1 .4650>; 

A  =  <A11  A12;  A21  A22>; 


^  **********  *^*********^^***********^*  if*******  ^^***^^'^^***^*  ****** 

//THE  COMPLETE  9  DEGREE  OF  FREEDOM  BMATRIX  IS  LISTED  BELOW 
//SINCE  THE  AIRCRAFT  TRAILING  EDGE  SURFACES  WERE  TIED  TOGETHER 
//COLUMNS  3.4  AND  7  WERE  COMBINED  AND  5. 6. AND  8  WERE  COMBINED 
//LEAVING  A  5  INPUT  5  OUTPUT  SYSTEM  FOR  PORTER  ANALYSIS 


BIBASIC  =  < 


0. 

0. 


0.  0.  0.  0. 

0.  0.  0.  0. 


0.  0.  0. 

0.  0.  0. 


0. : 
0.>; 


B2BASIC  =  < 


-0.5220 

-0.3950 

0.1390 

0.0010 

0.1210 

0.0920 


-0.3790 
-0.7740 
0 . 2750 
-0.0020 
-0.2830 
-0.1820 


0 . 2940 
-2.0190 
-0.0610 
-0 . 0000 
0.4850 
0.0010 


0.1930 
- 1 . 3040 
-0.0470 
-0.0000 
0.4310 
0.0010 


0.2940 

-2.0190 

-0.0610 

0.0000 

-0.4850 

-0.0010 


0.1930 
- 1 . 3040 
-0.0470 
0.0000 
-0.4310 
-0.0010 


0.2270 

-1.5390 

-0.0430 

-0.0000 

0.2430 

0.0010 


0.2270  0.0000; 
-1.5390  0.0000; 
-0.0430  0.0000; 
0.0000  0.0020; 
-0.2430  0.4310; 
-0.0010  -.2070>; 


Bl=  <B1BASIC( : .1) ,B1BASIC( : .2) ,B1BASIC( : ,3)+BlBASIC( : .4)+BlBASIC( : .7) , . . . 
BIBASICC: .5)+BlBASIC(: .6)+BlBASIC(: ,8) .BIBASIC ( : .9)>; 

B2=  <B2BASIC( : .1) .B2BASIC( : .2) .B2BASIC( : ,3)+B2BASIC( : .4)+B2BASIC( ; .7) , . . . 
B2BASIC(: .5)+B2BASIC(: .6)+B2BASIC(; .8).B2BASIC(: .9)>: 


B  =  <B1  ;  B2>; 
Cl  =  < 


0. 
0. 
1 . 


0. 

0. 

0. 
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0.  1 . : 

0.  o.>: 


C2  =  < 


1 .0000 

0.0110 

0.0000 

0.0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0.0000 

1.0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000; 

0.0000 

0.0000 

0.0000 

0.0000 

0 . 0000 

0.0000; 

0.0000 

0.0000 

0 . 0000 

0.0000 

0.0000 

1 .0000>; 

^  if  ^t^:^i^^■^^Ht>H^*^^ritr^’^^**’l‘******’l’******’l“l‘****^‘*********’t‘ *!************** 

c  =  < 

0.0000  0.0000  1.0000  0.0110  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  1.0000  0.0000  0.0000; 

1.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  1.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  1.0000; 

0.0000  0.0000  0.0000  1.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  1.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  1.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000>; 

//CONTROLLED  OUTPUTS  ARE  AS  FOLLOWS; 

//Yl  =  VELOCITY 

//Y2  =  BETA 

//Y3  =  THETA 

//Y4  =  PHI 

//Y5  =  YAW  RATE  "R" 

//ADDITIONAL  OUTPUTS  ARE  AS  FOLLOWS 
//Y6  =  "W" 

//Y7  =  "Q"  PITCH  RATE 
//ye  =  "P"  ROLL  RATE 

//Y9  =  "NZ"  NORMAL  ACCELERATION  -AZ  DIVIDED  BY  G  WHERE, 

//  AZ=WDOT  -(UO)q  +  (GSTHEO)DELTHETA  FT/SEC  SQ 


I 


C(9. :)=(A(4. :)+<0  000  1005  0  0  0>+<0. 35376  000000  0>) /(-32 . 174) ; 


//DEFINITIONS  FOR  THETADD  FOR  NORMAL  ACCELERATION  AT  PILOT  STATION 
MSU  =  -.00015109; 
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MW  =  .013740; 

MQ  =  -1.9152; 

MWDOT  =  -.00019046; 

MDCL  =  .13933; 

MDCR  =  .27531; 

MDTEL  =  -.0435  -  .0162  -  .04689; 

MDTER  =  -.0435  -  .0162  -  .04689; 

C(10, :)=<C(9. :)+(MSU*C(l.:)+MW*C(6. :)+MQ*C(7.:) +MWDOT*A (4. :))/!. 15>; 
NZH=<MDCL . MDCR .MDTEL . MDTER> ; 

CLEAR  MDCL  MDCR  MDTEL  MDTER  MSU  MW  MD  MWDOT  MQ 

/ /^H^^H^iln^f^^^^*^^^H^*****^*Ilm:*m’^****^l**:^c****:  *:¥************  ***if*********m***:*i^ 

D  =< 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000; 

0.0000  0.0000  0.0000  0.0000  0.0000>; 


//*****4i*******^«*4c***«**««****4i*««***«4i««:|c*»4i:(i*«4l«*«l|^»l|c«*4:«*«4c*i*c**;k*** 

S  =  <A  B;C  D>; 

//itc«***:|r:t>**:»****4>**ik***4<**:*««**)ti**#****4i«*****Hc**4[********4c*%****4c***** 

//THE  MEASUREMENT  MATRIX  CHOSEN  FOR  THE  IRREGULAR  PLANT  DESIGN 
M  =  < 


0.0000 

0.0000; 

0.0000 

0.0000; 

0.2500 

0.0000; 

0.0000 

0.2500; 

0.0000 

0.0000>; 
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F.S  Continuous  Time  System  Analysis  Macros 

The  continuous  time  analysis  of  the  system  with  the  PI  control  law  is  simu¬ 
lated  in  MATRDCx  using  the  following  macros. 
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Main  Program  for  CRCA  Simulation  -  Ramped  Input 


//THIS  PROGRAM  SIMULATES  THE  SYSTEM  WITH  ACTUATORS 
TITLE='CRCA  SIMULATION  5  INPUTS  AND  5  OUTPUTS  -  PORTER  METHOD' 
DISPLAY(TITLE) 

N0=0:YES=1: 

//LGT  SETS  THE  DURATION  OF  THE  SIMULATION 
INQUIRE  LGT  'WHAT  IS  THE  SIMULATION  DURATION:  ' 

LGT2=(LGT-3)/.l: 

LGTl*(LGT-.5)/.l://SETS  THE  RAMPING  FOR  SURFACE  LIMITS 
T1=<0: .1;LGT>' : 

//SUBROUTINE  TO  BUILD  COMMAND  FILES 
//STEP  COMMANDS 

R2A=.034«1*<0: .1;3.0>' : 

R2B=<R2A : 3* . 03491 *0NES (LGT2 . 1 ) > : 

R2  =<0*ONES(T1) .0*0NES(T1) .R2B.O*OMES(T1) .0*ONES(T1)> ; 

R8A  *2*.7854*<0; .1; .B>' ; 

R8Als2*.02542*<0: .1 : .5>' ; 

R8B  =<R8A: .7854*0NES(LGT1.1)>; 

R8B1*<-R8A1 :  . O2542*0MES(LGTi ,  1)> ; 

R8  =<0*0NES(T1) .0*0NES(T1) .0*0NES(T1) .R8B.R8B1>: 
R10A=2*.0349*<0: .1; .5>' ; 

R10B»<R10A: .0349*0NES(LGT1.1)>; 

R10*<0*0NES(T1) .R10B.0*0NES(T1) .0*0NES(T1) ,0*ONES(T1)> ; 

// 

CLEAR  R2A  R2B  R8A  R8A1  R8B  R8B1  RlOA  RlOB 

// 

INQUIRE  G1  'WHAT  IS  YOUR  GAIN  (G)  ESTIMATE:  ' 

INQUIRE  SIGl  'WHAT  IS  YOUR  SIGMA-1  VALUE:  ' 

INQUIRE  SIG2  'WHAT  IS  YOUR  SIGMA-2  VALUE:  ' 

INQUIRE  SIG3  'WHAT  IS  YOUR  SIGMA-3  VALUE:  ' 

INQUIRE  SIG4  'WHAT  IS  YOUR  SIGMA-4  VALUE:  ' 

INQUIRE  SIG5  'WHAT  IS  YOUR  SIGMA-5  VALUE:  ' 

INQUIRE  L  'WHAT  IS  YOUR  LAMBDA  0  MULTIPLIER:  ' 

INQUIRE  KQ  'WHAT  IS  YOUR  VALUE  FOR  KQ(M31):  ' 

INQUIRE  KP  'WHAT  IS  YOUR  VALUE  FOR  KP(M42) :  ' 
M(3.1)=KQ;H(4.2)=KP: 

SIGMA=<SIG1. 0.0,0, 0:0, SIG2,0,0.0;0.0,SIG3.0. 0:0. 0.0.SIG4.0; . . . 
0.0,0,0.SIG5>: 

TITLE1='THE  FOLLOWING  ARE  THE  PARAMETERS  USED  IN  THE  SIMULATION’ 
DISPLAY(TITLEl) 

G=G1*EYE(5) 

SIGMA 

F2=C2+M*A12: 


K1=INV(F2*B2)*SIGMA 

K2*L*K1 

EXEC( •M12 • ) : //ACTUATOR  BUILD 
EXECCM8’)://PI  CONTROLLER  BUILD 
EXECCMT*) -.//SYSTEM  MATRIX  XDOT-1  OUT 
EXEC('M6’) ;//PLANT  MATRIX  WITH  ACTUATORS 
EXEC ( ‘Mil •)://MULTI  SUPERBLOCK  WITH  ACTUATORS 
EXECCM19’)  ;//PRE  FILTERS  BUILD 
EXECCMie*)  ://MULTI  SUPERBLOCK  WITH  PREFILTERS 
BUILD. ANALYZE. MULTI 1 
EXEC(’M18’);//MENUING  SYSTEM  FOR  INPUTS 


Main  Program  for  CRCA  Simulation  -  Model  Following  Input 


//MULTIl.DAT  -  SIMULATION  WITH  MODEL  FOLLOWING 
//SIMULATION  WITH  ACTUATORS 

TITLE* * CRCA  SIMULATION  5  INPUTS  AND  5  OUTPUTS  -  PORTER  METHOD': 
DISPLAY (TITLE) 

N0=0;YES*1: 

//LGT  SETS  THE  DURATION  OF  THE  SIMULATION 
INQUIRE  LGT  'WHAT  IS  THE  SIMULATION  DURATION;  ' 

<•  LGT2»(LGT-3)/.l: 

T1*<0:.1:LGT>': 

//SUBROUTINE  TO  BUILD  COMMAND  FILES 
//STEP  COMMANDS 

R2A= . 03491 *<0 : . 1 : 3 . 0> • : 

R2B=<R2A : 3* . 03491 * ONES (LGT2 . 1 ) > ; 

R2  =<0*ONES(T1) .0*0NES(T1) .R2B.0*0NES(T1) .0*0NES{T1 ) > ; 

R8  =<0*0NES(T1) .0*0NES(T1) .0*0NES(T1) . .7854*0NES(T1) . .02542«0NES(T1)> 
R10=<0*ONES(T1) . .0349*0NES(T1) .0*0NES(T1) .0»ONES(T1) .0*ONES (T1 ) > ; 

// 

CLEAR  R2A  R2B 

// 

INQUIRE  G1  'WHAT  IS  YOUR  GAIN  (G)  ESTIMATE;  * 

INQUIRE  SIGl  'WHAT  IS  YOUR  SIGMA-1  VALUE;  ' 

INQUIRE  SIG2  'WHAT  IS  YOUR  SIGMA-2  VALUE;  * 

INQUIRE  SIG3  'WHAT  IS  YOUR  SIGMA-3  VALUE;  ’ 

INQUIRE  SIG4  'WHAT  IS  YOUR  SIGMA-4  VALUE;  ' 

INQUIRE  SIG5  'WHAT  IS  YOUR  SIGMA-5  VALUE:  ' 

INQUIRE  L  'WHAT  IS  YOUR  LAMBDA  0  MULTIPLIER;  ' 

INQUIRE  KQ  'WHAT  IS  YOUR  VALUE  FOR  KQ(M31);  ' 

INQUIRE  KP  'WHAT  IS  YOUR  VALUE  FOR  KP(M42) :  ’ 

M(3.1)=KQ:M(4.2)=KP: 
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SIGMA*<SIG1.0.0.0.0;O.SIG2.0.0.0;O.O.SIG3.0.0;O.O.O.SIG4.0: . . . 
0.0.0.0.SIG5>: 

TITLE1*’THE  FOLLOWING  ARE  THE  PARAMETERS  USED  IN  THE  SIMULATION’; 

DISPLAY  (TITLED 

G=Gl*EyE(5) 

SIGMA 

F2sC2+M*A12; 

K1»INV(F2*B2)*SIGNA 

K2=L*K1 

EXEC('M12’) ://ACUATOR  BUILD 

EXECCMS’)  ;//PI  CONTROLLER 

EXECCMT’)  : //SYSTEM  MATRIX  XDOT-1  OUT 

EXEC ( ’MB’)  ; //PLANT  WITH  ACTUATORS  SUPER  BLOCK 

EXEC(’Mll’) ://MULTI  SUPERBLOCK  WITH  ACTUATORS 

EXEC(’M15’)://M0DEL  FOLLOWING  BUILD 

EXECCMIB’)  ://MULTI  SUPERBLOCK  WITH  MODEL  FOLLOWING 

BUILD. ANALYZE. MULTI 1 

EXEC(’M18’);//MENUING  SYSTEM  FOR  INPUTS 


Aircraft  Model  with  Actuators 


//M6.DAT  ’ 

BUILD 

PLOT  OFF 

EDIT 

//THE  FOLLOWING  CREATES  A  SYSTEM  MATRIX  SUPER  BLOCK  WITH  ACTUATORS 

//MAKE  SURE  THE  S  MATRIX  IS  DEFINED  j 

//ADDS  PLANT  MATRIX 
PLANT 1 
0 

DEF.2.  SUPER.  NAME. PLANT.  INPUTS. 5.  OUT. 12. ENTRY 

DEF.l.  SUPER.  NAME. ACT.  INPUTS. 5.  OUT, 10. ENTRY  | 

CONNECT 

INPUT.S.l.Y.  INTERNAL. 1.2. 2. 1.4. 2. 6. 3. 8. 4. 10. 5. 0.0 


OUTPUT. 22. 2. 1.1. 2. 2. 3. 3. 4, 4. 5. 5. 6. 6. 7. 7. 8. 8. 9. 9. 10. 10. 11. 11. 12, 12. 0,0 
OUTPUT, 22. 1,1, 13, 2. 14, 3, 15. 4. 16. 5, 17, 6. 18. 7. 19. 8. 20. 9. 21, 10. 22, 0,0 
TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 


Aircraft  Model  without  Actuators 
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//M7.DAT 

BUILD 

PLOT  OFF 

EDIT 

PLANT 

0 

DEF.l,  DYN.  STATE.  NAME.B,  INPUTS. 5.  OUT. 8. STATES. 0. ENTRY. B 

DEF.2.  ALGEBRAIC.  SUM.  NAME.SUMl.  INPUTS, 2.  OUT .8 .ENTRY .2 . 1 . 1 

DEF.3.  DYN.  NTH.  NAME.INT. 

0UT.8.ENTRY.1.1.1.1.1.1.1.1.1.Y 


DEF.4.  DYN. 
DEF.5.  DYN. 
CONNECT 
INPUT.5.1.Y. 


STATE.  NAME.C. 
STATE.  NAME. A. 


INPUTS. 8.  OUT.IO.STATES.O.ENTRY.C 
INPUTS. 8.  OUT. 8. STATES. 0. ENTRY. A 


INTERNAL. 1.2. 1.1. 2. 2. 3. 3. 4. 4. 5. 5. 6. 6. 7. 7. 8. 8. 0.0 
INTERNAL. 2. 3. Y 
INTERNAL. 3. 4. Y 
INTERNAL. 3. 5. Y 


INTERNAL. 5. 2. l.S. 2. 10. 3. 11. 4. 12. 5. 13. 6. 14. 7. 15. 8. 16. 0.0 
OUTPUT. 12. 4. 1. 1. 2, 2. 3. 3. 4. 4. 5. 5. 6. 8. 7. 9. 8. 10. &. 11. 10. 12. 0.0 
OUTPUT. 12. 2. 1.6. 2. 7, 0.0 


//OUTPUT  FROM  BLOCK  2  -  6  AND  7  ARE  XD0T{A11  AND  A12) 
TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 


-A 

■ 


PI  Controller 


I 


//M8.DAT 
BUILD 

PLOT  OFF  I 

EDIT 

//THE  FOLLOWING  CREATES  A  PI  CONTROLLER 
//THE  CURRENT  INPUTS  ARE  5  WITH  K1  AND  K2 
//DIMENSIONED  5X5 

//TO  CHANGE  THEM  FOR  A  3  INPUT  SYSTEM  JUST 

//CHANGE  OUTPUTS  AND  INPUTS  FROM  5  TO  WHATEVER  YOU  WANT  * 

PI 
0 

DEF.l.  DYN.  Nth.  NAME.INT.  OUT.B.ENTRY.l .1 ,1 ,1 .1 .1 .YES 

DEF.2.  DYN.  STATE. NAME. K2.  INPUTS. 5.  OUT. 5. STATES. 0. ENTRY. K2 

DEF.5.  DYN.  STATE.NAME.Kl .  INPUTS. 5.  OUT. 5. STATES. 0. ENTRY. K1  ! 
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DEF.3.  ALGEBRAIC.  SUM.  NAME.SUMl.  INPUTS. 2.  OUT .5 .ENTRY . 2 . 1 . 1 
CONNECT 

INPUT.5.1.Y.  INTERNAL.1.2.Y.  OUTPUT. 5. 3. Y 

INPUT. 5. 5. Y.  INTERNAL, 2. 3. 1.1. 2. 2, 3. 3. 4. 4. 5. 5. 0.0 

INTERNAL. 6.3.1. 6. 2. 7. 3. 8. 4. 9. 5. 10, 0.0- 

TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 


Plant  and  Controller 


//Mil. DAT 
BUILD 
PLOT  OFF 
EDIT 

//THE  FOLLOWING  CREATES  A  MULTI  SUPERBLOCK  FOR  SIMULATION  -  5  INPUTS 
//INSURE  YOU  HAVE  CREATED  THE  SUPERBLOCKS  PI  AND  APPROPRIATE  PLANT 
//THIS  IS  A  SIMULATION  FOR  AN  IRREGULAR  PLANT  WITH  ACTUATORS 
//THIS  SUPERBLOCK  WILL  HAVE  10  OUTPUTS-  OUTPUT  1-5  WILL  BE  COMMAND  INPUTS 
//OUTPUTS  5-14  WILL  BE  STATE  VARIABLES 
MULTI 
0 

DEF.2.  SUPER,  NAME. PI.  INPUTS. 5.  OUT. 5.  ENTRY 

DEF.4,  SUPER,  N AME. PLANT 1 .INPUTS. 5.  OUT. 22,  ENTRY 

DEF.3.  DYN.  STATE . NAME . G .  INPUTS. 5.  0UT.5.STATES.0.ENTRY.G 

DEF.5.  DYN.  STATE. NAME. M.  INPUTS. 2.  OUT, 5 .STATES .0 . ENTRY .M 

DEF.l.  ALGEBRAIC.  SUM,  NAME.SUMl.  INPUTS, 2.  OUT , 5 , ENTRY .2 . 1 . - 1 

DEF.6.  ALGEBRAIC.  SUM.  NAME.W.  INPUTS, 2.  OUT . 5 .ENTRY .2 . 1 . 1 

CONNECT 

INPUT, 5. 1.1. 1.2, 2. 3. 3, 4. 4. 5. 5. 0.0. 

INTERNAL, 1. 2. Y 
INTERNAL. 2. 3. Y 
INTERNAL. 3. 4. Y 
INTERNAL. 4, 5. 6. 1.7. 2, 0.0 
INTERNAL. 4. 6. 1.1. 2. 2. 3. 3. 4, 4. 5. 5. 0.0 
INTERNAL, 5. 6. 1.6, 2, 7. 3, 8, 4, 9, 5. 10. 0.0 
INTERNAL. 6. 1.1. 6. 2, 7. 3. 8. 4. 9, 5, 10, 0,0 
OUTPUT, 20. 4. 14,1 ,16.2.18.3,20.4.22.5.0,0 
OUTPUT. 20, 4. 13. 16. 15. 17. 17. 18. 19, 19. 21. 20. 0.0 

OUTPUT. 20. 4. 1.6. 2. 7. 3, 8. 4. 9, 5. 10. 8. 11. 9. 12. 10, 13. 11. 14. 12. 15, 0.0 
//OUTPUTS  1-5  ARE  CONTROL  OUTPUTS : CL . CR . TEL . TER . RUDDER 
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//OUTPUTS  6-15  ARE  STATE  OUTPUTS :VEL .THETA .BETA .PHI .R .W .Q .P .NZ .NZPILOT 

//OUTPUTS  13.15.17,10,21  RATES  FOR  ACTUATORS  CL . CR , TEL , TER . RUD 

TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 


Actuators 


//M12.DAT 

//THIS  ROUTINE  BUILDS  THE  ACTUATORS  FOR  THE  CRCA 

//FIRST  ORDER  MODEL  OF  XD=-20X+20U 

BACT=20://B  MATRIX  FOR  THE  ACTUATOR 

AACT=-20://A  MATRIX  FOR  THE  ACTUATOR 

BUILD 

PLOT  OFF 

EDIT 

ACL 

0 


DEF.l. 

DYN, 

STATE. 

NAME.B. 

INPUTS. 1. 

OUT . 1 . STATES . 0 . ENTRY . BACT 

DEF.2, 

ALGEBRAIC. 

SUN, 

NAME.SUMl, 

INPUTS, 2. 

OUT, 1, ENTRY. 2. 1.1 

DEF.3. 

PIECE. 

3  . 

NAME.RLIM, 

INPUTS. 1. 

OUT, 1. ENTRY, 100 

DEF.4, 

DYN. NEXT, 

LIM, 

NAME.LMTINT 

.INPUTS, 1. 

OUT, 1, ENTRY, 30. -60. l.Y 

DEF.5. 

DYN. 

STATE. 

NAME, A. 

INPUTS. 1. 

OUT . 1 , STATES . 0 . ENTRY . AACT 

CONNECT 

INPUT, 1.1,  INTERNAL. 1,2,1. 1,0,0 

INTERNAL. 2. 3 
INTERNAL. 3. 4 
INTERNAL. 4. 5 
INTERNAL. 5. 2. 1.2. 0.0 

OUTPUT. 2. 3. 1.1. 0.0 

OUTPUT. 2, 4, 1.2. 0.0 

//OUTPUT  FROM  BLOCK  3  -  RATE  LIMITER 

//OUTPUT  FROM  BLOCK  4  -  POSITION  LIMITER 

TOP 

//BUILDING  THE  RIGHT  CANARD  ACTUATOR 
COPY.  ACL.  ACR 


//BUILDING  TRAILING  EDGE  LEFT  ACTUATOR 
EDIT 


DEF.l,  DYN,  STATE.  NAME.B,  INPUTS. 1.  OUT. 1 .STATES ,0. ENTRY ,BACT 

DEF.2.  ALGEBRAIC.  SUM.  NAME.SUMl.  INPUTS. 2.  OUT . 1 .ENTRY .2 , 1 , 1 

DEF.3.  PIECE.  3  .  NAME.RLIM,  INPUTS. 1.  OUT.l .ENTRY. 100 

DEF.4.  DYN. NEXT.  LIM.  NAME.LMTINT. INPUTS. 1 .  OUT. 1 .ENTRY. 30.-30. 1 .Y 
DEF.B.  DYN.  STATE.  NAME. A.  INPUTS. 1.  OUT. 1 .STATES .0. ENTRY .AACT 

CONNECT 

INPUT. 1.1.  INTERNAL. 1.2. 1.1. 0.0 

INTERNAL. 2. 3 
INTERNAL. 3. 4 
INTERNAL. 4. 5 

INTERNAL. 5. 2. 1.2. 0.0  OUTPUT.2.3.1 .1 .0.0 

OUTPUT. 2. 4. 1.2. 0.0 

//OUTPUT  FROM  BLOCK  3  -  RATE  LIMITER 

//OUTPUT  FROM  BLOCK  4  -  POSITION  LIMITER 

TOP 

//BUILDING  TRAILING  EDGE  RIGHT  ACTUATOR 
COPY.  ATLl.  ATRl 

//BUILDING  RUDDER  ACTUATOR 

EDIT 

ATRUD 

0 

DEF.l.  DYN.  STATE.  NAME.B.  INPUTS.!.  OUT.  1  .STATES .0 .ENTRY .B ACT 

DEF.2.  ALGEBRAIC.  SUM.  NAME.SUMl.  INPUTS. 2,  OUT.l .ENTRY. 2.1 .1 

DEF.3.  PIECE.  3  .  NAME.RLIM.  INPUTS. 1.  OUT.l .ENTRY. 100 

DEF.4.  DYN. NEXT.  LIM.  NAME.LMTINT.INPUTS.l .  OUT . 1 .ENTRY .20 . -20 . 1 . Y 
DEF.5.  DYN,  STATE.  NAME. A.  INPUTS. 1.  OUT . 1 .STATES ,0 .ENTRY .AACT 

CONNECT 

INPUT, 1.1.  INTERNAL. 1.2. 1.1. 0.0 

INTERNAL. 2. 3 
INTERNAL. 3. 4 
INTERNAL. 4. 5 

INTERNAL. 5. 2. 1.2. 0.0  OUTPUT . 2 .3 . 1 , 1 .0 .0 

OUTPUT, 2, 4, 1.2. 0.0 

//OUTPUT  FROM  BLOCK  3  -  RATE  LIMITER 

//OUTPUT  FROM  BLOCK  4  -  POSITION  LIMITER 

TOP 

//BUILD  SUPER  BLOCK  OF  ACTUATORS 
EDIT 
ACT 
0 

DEF.  1.  SUPER.  NAME. ACL.  INPUTS. 1.  OUT. 2. ENTRY 

DEF.  2.  SUPER,  NAME.ACR.  INPUTS. 1.  OUT. 2, ENTRY 
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DEF,  3.  SUPER. 

NAME.ATLl. 

INPUTS. 1.  OUT. 2, ENTRY 

DEF.  4.  SUPER. 

NAME.ATRl. 

INPUTS. 1,  OUT, 2. ENTRY 

DEF.  5.  SUPER. 

CONNECT 

NAME.ATRUD. 

INPUTS. 1.  OUT. 2. ENTRY 

INPUT. 5, 1.1. 1.0,0. 

OUTPUT. 10. 1,1, 1.2, 2. 0,0 

INPUT. 5. 2. 2. 1.0.0. 

OUTPUT. 10, 2, 1.3. 2. 4, 0.0 

INPUT. 5. 3, 3. 1.0.0, 

OUTPUT. 10, 3, 1.5. 2. 6, 0.0 

INPUT, 5. 4, 4. 1.0.0. 

OUTPUT. 10. 4, 1.7. 2. 8, 0.0 

INPUT. 5, 5. 5. 1,0,0. 

OUTPUT. 10. 6, 1.9. 2. 10, 0.0 

TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 

CLEAR  BACT  AACT 


Model  Following  Filter 


//M15.DAT 

//THE  FOLLOWING  EXECUTABLE  ROUTINE  BUILDS  A  MODEL  FOLLOWING  PROGRAM 
PRFB*<-12.-57.-100.1:1.0.0.0;0.1.0.0;0.0.100.0>; 

PRFRsPRFB ; 

PRFP=<-18.-106.-250.1;1.0.0.0:0.i.O.O;0.0.250.0>: 


PRFV*PRFP ; 


PRFT=<-10.-41 .-50.1; 1 ,0.0. 0:0, 1,0,0;0, 0,50, 0>; 

BUILD 

PLOT  OFF 

EDIT 

PREF 

0 


DEF.l, 

DYN. 

STATE, NAME. 

PREl. 

INPUTS . 1 . 

OUT.l , 

STATES, 3. ENTRY. PRFV.Y 

DEF, 2. 

DYN, 

STATE, NAME, 

PRE2. 

INPUTS, 1. 

OUT ,  1 . 

STATES, 3. ENTRY, PRFB.Y 

DEF, 3, 

DYN. 

STATE, NAME, 

PRE3. 

INPUTS . 1 , 

OUT.l, 

STATES. 3, ENTRY, PRFT.Y 

DEF. 4. 

DYN, 

STATE. NAME. 

PRE4. 

INPUTS .  1 . 

OUT.l. 

STATES . 3 . ENTRY . PRFP . Y 

DEF . 5 , 

DYN, 

ST ATE, NAME. 

PRE5. 

INPUTS. 1. 

OUT.l. 

STATES . 3 . ENTRY , PRFR , Y 

CONNECT 


INPUT. 5. 1.1. 1.0.0. 
INPUT, 5, 2, 2.1 .0.0. 
INPUT.5.3.3,1 .0.0. 
INPUT. 5. 4. 4, 1.0,0. 
INPUT, 5, 5, 5, 1.0.0. 
TOP 


OUT.B.l ,1 .1 .0,0 
OUT. 5, 2.1 .2,0,0 
OUT, 5. 3.1 ,3,0,0 
OUT, 5, 4, 1.4, 0.0 
OUT. 5. 5, 1.5, 0.0 


//THE  FOLLOWING  STATEMENT  RET'JRNS  YOU  TO  MATRIXX 
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MAT 

CLEAR  PRFV  PRFB  PRFT  PRFP  PRFR 


Aircraft  Model  with  PI  Controller  and  Pre-Filter 


//M16.DAT 

//THIS  EXEC"TAB’"  FILE  BUILDS  A  MULTI  SUPERBLOCK  WITH  PRE  FILTER 

//ALSO  BUILDS  NORMAL  ACCELERATION  AT  PILOT  STATION  OUTPUT 

BUILD 

PLOT  OFF 

EDIT 

MULT II 

0 


DEF,2.  SUPER.  NAME. MULT I,  INPUTS. 5. 

DEF.l.  SUPER.  NAME.PREF.  INPUTS. 5. 

DEF.5.  DYN. STATE.  NAME.N2M.  INPUTS. 4. 

DEF.4.  ALGEBRAIC.  SUM. NAME. NZ.  INPUTS. 2. 

CONNECT 

INPUT.5.1.Y.  INTERNAL. 1. 2. Y 

INTERNAL. 2. 5. 1.1. 2. 2. 3. 3. 4. 4. 0.0 
INTERNAL. 5. 4. 1.1. 0.0 
INTERNAL. 2. 4. 14. 2, 0.0 


OUT. 20.  ENTRY 

OUT . 5 .  ENTRY 

OUT , 1 . STATES , 0 , ENTRY . NZM 

OUT. 1. ENTRY. 2. 1,1 


OUT. 25, 2, 1.1. 2. 2. 3. 3. 4. 4. 5. 5. 6. 6. 7. 7. 8. 8. 9. 9. 10. 10. 11. 11. 12. 12. 0.0 
OUT.25.2.13.13. 14. 14.0.0 
OUT. 25. 4. 1,15. 0.0 


OUT. 25, 1.1, 16, 2. 17. 3. 18. 4. 19, 5. 20. 0.0 

OUT. 25. 2, 16, 21 .17,22.18,23.19.24.20.25,0,0 

//OUTPUTS  21.22.23.24.25  ARE  RATES  FOR  CL , CR , TEL , TER , RUD 

TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 


Simulation  and  Plotting 


//M18.DAT 
ERASE; CLEAR  Y 

INQUIRE  TYPE  ’FLIGHT  MANEUVER  R2,  R8.  OR  RlO;  ’ 
Y=SIM(T1,TYPE) : 

INQUIRE  PLT  ’DO  YOU  WANT  HARDCOPIES’ 


F-37 


INQUIRE  PLTl  '1=  R8  PLOTS  --  0=  R2  PLOTS  --2=  RIO  PLOTS’; 
IF  PLT1=1,EXEC(’R8’) 

IF  PLTl =0. EXEC (*R2’) 

IF  PLT1=2,EXEC('R10') 


Low  Pass  Filter 


//M19.DAT 

//THE  FOLLOWING  EXECUTABLE  ROUTINE  BUILDS  A  LOW  PASS  PREFILTER 
PRF=<-10.1 :10.0>: 

BUILD 
PLOT  OFF 
EDIT 
PREF 
0 


DEF.l.  DYN, 

STATE. NAME, 

PREl. 

INPUTS. 1. 

OUT.l,  STATES.l. ENTRY, PRF. Y 

DEF.2.  DYN. 

STATE, NAME, 

PRE2. 

INPUTS . 1 . 

OUT.l,  STATES.l. ENTRY. PRF. Y 

DEF.3.  DYN. 

STATE. NAME. 

PRE3. 

INPUTS. 1. 

OUT.l.  STATES.l. ENTRY. PRF, Y 

DEF.4.  DYN. 

STATE. NAME. 

PRE4. 

INPUTS. 1. 

OUT.l.  STATES.l, ENTRY, PRF. Y 

DEF.5.  DYN. 
CONNECT 

ST ATE, NAME. 

PRES. 

INPUTS . 1 . 

OUT.l.  STATES.l, ENTRY, PRF. Y 

INPUT. 5. 1.1. 

1.0.0. 

OUT, 6, 1.1. 1,0.0 

INPUT, 5, 2. 2. 

1.0.0. 

OUT. 5. 2, 1.2, 0.0 

INPUT. 5. 3. 3. 

o 

c> 

OUT. 5. 3. 1.3. 0,0 

INPUT. 5. 4. 4. 

1.0.0. 

OUT, 5, 4,1 .4,0,0 

INPUT, 5, 5. 5, 

1.0,0. 

OUT. 5. 5. 1.5, 0.0 

TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 

CLEAR  PRF 


Pitch  Rate  Tracking  Plots 


//R2.DAT 

//THIS  ROUTINE  PREPARES  ALL  PLOTS  FOR  THE  PITCH  RATE  TRACKING 

PL0T(T1.Y(;,[8])*57.3.'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG -SEC/. TITLE/  PITCH  ANGLE/, UPPER’) 

PL0T(T1,Y(;.[12])*57.3.’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/, TITLE/  PITCH  RATE/ .LOWER .KEEP ’ ) 
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IF  PLT=1. HARDCOPY: 

PLOT(Tl.Y(: . [9  7] )*B7 .3 . 'ALABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/, TITLE/  PHI  VS  BETA/,... 

YMIN=-1 .YMAX=1 .UPPER  LEFT*) : 

PLOT(Tl.Y(: . [10  13]  )*57 .3. ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG- SEC/, TITLE/  ROLL  BATE  (P)  VS  YAW  RATE  (B)/.... 

YMIN=-1.YMAX=1. LOWER  LEFT. KEEP*) 

PL0T(T1.Y(: . [6  11] ) . *XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/FT-SEC/, TITLE/  VELOCITIES  (U)  AND  (W)/. UPPER  RIGHT’) 

PL0T(T1.Y(; ,15) , ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/G/ . TITLE/  NORMAL  ACCELERATION/ .LOWER  RIGHT .KEEP * ) ; 

IF  PLT=1 .HARDCOPY; 

PL0T(T1.Y(: .1) . ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/, TITLE/  LEFT  CANARD  DEFLECTION/ .UPPER  LEFT’); 

PL0T{T1 .Y( : .2) . ’XLABEL/TIME  IN  SECONDS/. . . . 

YLABEL/DEGREES/, TITLE/  RIGHT  CANARD  DEFLECTION/,... 

UPPER  BIGHT. KEEP’) : 

PLOT (T1.Y(: ,21) . ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/, TITLE/  LEFT  CANARD  RATE/, LOWER  LEFT, KEEP’); 

PL0T(T1.Y(: .22) , ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/, TITLE/  RIGHT  CANARD  RATE/, LOWER  RIGHT, KEEP ’) ; 

IF  PLT=1 .HARDCOPY; 

PL0T(T1.Y(:, 3). 'XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEGREES/, TITLE/  LEFT  TRAILING  EDGE  DEFLECTION/,... 

UPPER  LEFT’); 

PL0T(T1,Y(: .4) . ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/, TITLE/  RIGHT  TRAILING  EDGE  DEFLECTION/,... 

UPPER  RIGHT.KEEP’) : 

PL0T(T1.Y(: ,23) . ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/, TITLE/  LEFT  TRAILING  EDGE  RATE/,... 

LOWER  LEFT, KEEP’); 

PL0T(T1,Y(: .24) . ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/, TITLE/  RIGHT  TRAILING  EDGE  RATE/,... 

LOWER  RIGHT.KEEP’) ; 

IF  PLT=1 .HARDCOPY; 

PLOT  (T1.Y(: .5) , ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/ .TITLE/  RUDDER  DEFLECTION/ .... 

YMIN=-1.YMAX=1, UPPER’) ; 

PL0T(T1.Y(: ,25), ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/, TITLE/  RUDDER  RATE/ _ 

YMIN= - 1 . YMAX= 1 . LOWER , KEEP ’ ) ; 

IF  PLT=1 .HARDCOPY; 

PL0T(T1.Y(; ,18) *57. 3. ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/, TITLE/  PITCH  RATE  COMMAND/ , UPPER ’) ; 

TF  PLT=1 , HARDCOPY; 
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ERASE 

RETURN 


45  Degree  Coordinated  Turn  Plots 


//R8.DAT 

//THIS  ROUTINE  PREPARES  ALL  PLOTS  FOR  THE  45  DEGREE  TURN 
PL0T(T1.Y(: . [9  7] )*57 .3. ‘XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/, TITLE/  PHI  VS  BETA/ .UPPER* ) ; 

PL0T(T1.Y(: . [10])*57.3. ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/. TITLE/  YAW  RATE  (R)/ .LOWER .KEEP * ) 

IF  PLT=1. HARDCOPY 

PL0T(T1.Y(;.[6  ll] ) . ‘XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/FT-SEC/. TITLE/  VELOCITIES  (U)  AND  (W)/.... 

YMIN= - 100, YMAX=2 .UPPER  LEFT*) 

PL0T(T1.Y(; , [8  12] )*57 . 3 . ’XLABEL/TIHE  IN  SECONDS/.... 

YLABEL/DEG-SEC/. TITLE/  PITCH  ANGLE  VS  PITCH  RATE/. . . . 

YMIN*-2 .YMAX=2 .UPPER  RIGHT .KEEP  * ) 

PL0T(T1.Y(; .13)*57. 3. ’XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEG-SEC/ . TITLE/  ROLL  RATE/ .... 

YMAX* 1 00 . YMIN= - 20 , LOWER  LEFT . KEEP  * ) : 

PL0T(T1,Y(: .15) . ’XLABEL/TIME  IN  SECONDS/.... 

YLABEL/G/ .TITLE/  NORMAL  ACCELERATION/ .... 

YMAX=3 . YMIN= - 3 , LOWER  RIGHT . KEEP  * ) ; 

IF  PLT=1. HARDCOPY; 

PLOT (T1,Y(:,1),’ XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/. TITLE/  LEFT  CANARD  DEFLECTION/ .UPPER  LEFT*); 

PL0T(T1.Y{; ,2). ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/, TITLE/  RIGHT  CANARD  DEFLECTION/ _ 

UPPER  RIGHT.KEEP’) ; 

PL0T(T1.Y(:, 21). 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/. TITLE/  LEFT  CANARD  RATE/, LOWER  LEFT.KEEP’); 

PL0T(T1.Y(: ,22) .’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/, TITLE/  RIGHT  CANARD  RATE/ .LOWER  RIGHT.KEEP’) 

IF  PLT=1, HARDCOPY; 

PL0T(T1.Y(: ,3) , 'XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/. TITLE/  LEFT  TRAILING  EDGE  DEFLECTION/ _ 

UPPER  LEFT ’ ) ; 

PL0T(T1.Y(; .4) , ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/. TITLE/  RIGHT  TRAILING  EDGE  DEFLECTION/.... 

UPPER  RIGHT.KEEP’) ; 

PL0T(T1.Y(: ,23) . ’XLABEL/TIME  IN  SECONDS/ _ 
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YLABEL/DEG-SEC/, TITLE/  LEFT  TRAILING  EDGE  RATE/.... 

LOWER  LEFT. KEEP’); 

PL0T(T1.Y(:.24).’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/. TITLE/  RIGHT  TRAILING  EDGE  RATE/,... 

LOWER  RIGHT, KEEP’) : 

IF  PLT= 1. HARDCOPY : 

PLOT  (T1,Y(;.5).’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/, TITLE/  RUDDER  DEFLECTION/ .UPPER’ ) ; 

PLOT(Tl.Y(: .25). ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/. TITLE/  RUDDER  RATE/. LOWER, KEEP ’) : 

IF  PLT=1 .HARDCOPY; 

PLOT(Tl.Y(: .19) *57. 3. ’XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEGREES/. TITLE/  BANK  ANGLE  COMMAND/. UPPER’ ) ; 

PLOT(Tl.Y(; .20)*57. 3. ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/. TITLE/  YAW  RATE  COMMAND/ .LOWER, KEEP ’) ; 

IF  PLT=1 .HARDCOPY; 

ERASE 

RETURN 


(• 


Beta  Command  Plots 


//RIO. DAT 

//THIS  ROUTINE  PREPARES  ALL  PLOTS  FOR  THE  45  DEGREE  TURN 
PLOT(Tl.Y(; .[9  7] ) *57. 3. ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/, TITLE/  PHI  VS  BETA/ .UPPER’ ) ; 

PLOT(Tl,Y( : . [10] ) *57 . 3 .’ XLABEL/TIME  IN  SECONDS/, . . . 

YLABEL/DEG-SEC/, TITLE/  YAW  RATE  (R) / .LOWER, KEEP ’ ) 

IF  PLT=1. HARDCOPY 

PL0T(T1.Y(; . [6  11] ), ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/FT-SEC/, TITLE/  VELOCITIES  (U)  AND  (W)/ _ 

YMIN=- 100, YMAX=2. UPPER  LEFT’) 

PL0T(T1.Y(:,[8  12] )*57 .3 . ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/, TITLE/  PITCH  ANGLE  VS  PITCH  RATE/ _ 

YMIN=-2 . YMAX=2 .UPPER  RIGHT .KEEP ’ ) 

PL0T(T1.Y( : .13)*57. 3, ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/. TITLE/  ROLL  RATE/,... 

YMAX= 100 . YMIN= -20 , LOWER  LEFT .KEEP ’ ) ; 

PL0T(T1,Y(; ,15), ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/G/ .TITLE/  NORMAL  ACCELERATION/ .... 

YMAX=3 , YMIN= -3 , LOWER  RIGHT .KEEP ’ ) ; 

IF  PLT=1 .HARDCOPY; 

PLOT(Tl,Y(:.l). ’XLABEL/TIME  IN  SECONDS/,... 
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YLABEL/DEGREES/, TITLE/  LEFT  CANARD  DEFLECTION/ _ 

UPPER  LEFT'); 

PLOT(Tl.Y(: .2) . 'XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/, TITLE/  RIGHT  CANARD  DEFLECTION/, . . . 

UPPER  RIGHT.KEEP'): 

PLOT(Tl.Y(:. 21). 'XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG- SEC/, TITLE/  LEFT  CANARD  RATE/, . . . 

LOWER  LEFT. KEEP'): 

PLOT(Tl.Y(: .22). 'XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/, TITLE/  RIGHT  CANARD  RATE/ _ 

LOWER  RIGHT.KEEP*); 

IF  PLT=1. HARDCOPY; 

PLOT(Tl.Y(; .3) . 'XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEGREES/. TITLE/  LEFT  TRAILING  EDGE  DEFLECTION/ _ 

UPPER  LEFT'); 

PLOT(Tl.Y{: .4) . 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/. TITLE/  RIGHT  TRAILING  EDGE  DEFLECTION/.... 

UPPER  RIGHT.KEEP'): 

PLOT(Tl.Y(: .23) . 'XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/, TITLE/  LEFT  TRAILING  EDGE  RATE/,... 

YMAX*20,YMIN=-20.LQWER  LEFT.KEEP') ; 

PLOT(Tl.Y(: ,24) , 'XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEG-SEC/, TITLE/  RIGHT  TRAILING  EDGE  RATE/,... 

YMAX*20.YMIN=- 20. LOWER  RIGHT.KEEP') : 

IF  PLTsl, HARDCOPY; 

PLOT  {T1.Y(: .5), 'XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/ .TITLE/  RUDDER  DEFLECTION/ .UPPER ’ ) ; 

PL0T(T1.Y(; .25) . 'XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/ .TITLE/  RUDDER  RATE/ , LOWER , KEEP ' ) ; 

IF  PLT=1, HARDCOPY; 

PL0T(T1.Y(; .17)*57. 3, 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/. TITLE/  YAW  ANGLE  COMMAND/. UPPER' ) ; 

IF  PLT=1 .HARDCOPY: 

ERASE 

RETURN 


F.4  Discrete  Time  System  Analysis  Macros 

The  discrete  time  analysis  of  the  system  with  the  PI  control  law  and  the 
sampling  time  equal  to  40  Hz  is  simulated  in  MATRIX,  using  the  following  macros. 


I 
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Main  Program  for  CRCA  Simulation  -  Ramped  Input 


//DISCRETE  ANALYSIS  WITH  TSAMP*40  HZ 

//THIS  PROGRAM  SIMULATES  THE  SYSTEM  WITH  ACTUATORS 

TITLE* ‘CRCA  SIMULATION  B  INPUTS  AND  5  OUTPUTS  -  PORTER  METHOD’; 

DISPLAY (TITLE) 

M0*O;YES=l; 

//LGT  SETS  THE  DURATION  OF  THE  SIMULATION 
INQUIRE  LGT  ’WHAT  IS  THE  SIMULATION  DURATION;  ’ 

LGT2*(LGT-3)/.025: 

LGTl=(LGT-.5)/.02S://SETS  THE  RAMPING  FOR  SURFACE  LIMITS 
T1*<0: .025:LGT>’ : 

//SUBROUTINE  TO  BUILD  COMMAND  FILES 
//STEP  COMMANDS 

R2A=.03401*<0: .025:3>’ ; 

R2B=<R2A : 3* . 034Q1 *ONES (LGT2 . 1 ) > ; 

R2  =<0*0NES(T1).0*0NES(T1) .R2B.O»ONES(T1).0*ONES(T1)>: 

R8A  »2*.78B4*<0: .02B; .5>’; 

R8A1=2*.02542*<0: .025; .5>’: 

R8B  =<R8A: .7854*0NES(LGT1.1)>: 

R8B 1 *  <R8A 1 : . 02542 • ONES ( LGT 1 . 1 ) > ; 

R8  *<0*OMES(T1) .0*0NES(T1) .0*ONES(T1) .R8B.R8B1>: 

R10A*2*.0349*<0: .025: .5>’ : 

R10B=<R10A: .0349*0NES(LGT1,1)>: 

R10=<0*0NES(T1) .R10B.O*ONES(T1) .O*0NES(Tl) .0*ONES(Tl)>: 

// 

CLEAR  R2A  R2B  R8A  R8A1  R8B  R8B1  RlOA  RlOB 

// 

Gl=40; //SAMPLING  FREQUENCY 

INQUIRE  SIGl  'WHAT  IS  YOUR  SIGMA-1  VALUE;  ' 

INQUIRE  SIG2  'WHAT  IS  YOUR  SIGMA-2  VALUE;  ’ 

INQUIRE  SIG3  'WHAT  IS  YOUR  SIGMA-3  VALUE:  ' 

INQUIRE  SIG4  'WHAT  IS  YOUR  SIGNA-4  VALUE;  ' 

INQUIRE  SIG5  ’WHAT  IS  YOUR  SIGMA-5  VALUE:  ’ 

INQUIRE  L  'WHAT  IS  YOUR  LAMBDA  0  MULTIPLIER:  ' 

INQUIRE  KQ  'WHAT  IS  YOUR  VALUE  FOR  KQ(M31):  ’ 

INQUIRE  KP  'WHAT  IS  YOUR  VALUE  FOR  KP(M42) :  ’ 

M(3,1)=KQ:M(4,2)=KP; 

SIGMA=<SIG1 .0,0.0.0;0,SIG2.0.0.0;0.0,SIG3.0.0;0,0.0.SIG4,0; . . . 
0.0.0,0.SIG5>: 

TITLE1=’THE  FOLLOWING  ARE  THE  PARAMETERS  USED  IN  THE  SIMULATION’; 
DISPLAY(TITLEl) 

G=G1*EYE(5); 

SIGMA 
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F2=C2+M*A12: 

K1=INV(F2*B2)*SIGMA 

K2=L*K1 

EXEC('M12') ://ACTUATOR  BUILD 
EXEC (* MB •);//?!  CONTROLLER  BUILD 
EXECCM7*)://SYSTEM  MATRIX  XDOT-1  OUT 
EXEC( 'MB’) -.//PLANT  MATRIX  WITH  ACTUATORS 
EXEC ( 'Mil •)://MULTI  SUPERBLOCK  WITH  ACTUATORS 
EXEC(’M19*)://PRE  FILTERS  BUILD 
EXECCMIB*) : //MULTI  SUPERBLOCK  WITH  PREFILTERS 
BUILD . ANALYZE . MULTI 1 

EXEC ( ’MIS') ;//MENUING  SYSTEM  FOR  INPUTS 


Main  Program  for  CRCA  Simulation  -  Model  Following  Input 


//DISCRETE  ANALYSIS  WITH  TSANP-40  HZ 
//MULTIl.DAT  -  SIMULATION  WITH  MODEL  FOLLOWING 
//SIMULATION  WITH  ACTUATORS 

TITLE='CRCA  SIMULATION  5  INPUTS  AND  5  OUTPUTS  -  PORTER  METHOD'; 
DISPLAY (TITLE) 

(•  NOsO:YES=l: 

//LGT  SETS  THE  DURATION  OF  THE  SIMULATION 
INQUIRE  LGT  'WHAT  IS  THE  SIMULATION  DURATION:  ’ 

LGT2=(LGT-3)/.025: 

T1=<0; .025;LGT>’ : 

//SUBROUTINE  TO  BUILD  COMMAND  FILES 
//STEP  COMMANDS 

R2A*. 03491 *<0: .025:3>’ ; 

R2B=<R2A ; (3* . 03491 ) ‘ONES (LGT2 , 1 ) > ; 

R2  =<0*ONES(T1) ,0*ONES(T1) .R2B.0*0NES(T1) .0*0NES(T1)>; 

R3  =<0*ONES(T1) .0*0NES(T1) .R3B .O*0NES(Tl) .0*0NES(T1)> ; 

R8  =<0*ONES(T1) ,0*0NES(T1) .0*0NES(T1) . .7854*0NES(T1) , .02542*0NES(T1)> 
R10=<0*ONES(T1) , .0349*0NES(T1) .0*0NES(T1) .0*ONES(T1) .0*ONES(T1)> ; 

// 

CLEAR  R2A  R2B 

// 

Gl=40: //SAMPLING  FREQUENCY  GAIN 

INQUIRE  SIGl  ’WHAT  IS  YOUR  SIGMA-1  VALUE:  ’ 

INQUIRE  SIG2  ’WHAT  IS  YOUR  SIGMA-2  VALUE:  ' 

INQUIRE  SIG3  'WHAT  IS  YOUR  SIGMA-3  VALUE:  ’ 

INQUIRE  3IG4  'WHAT  IS  YOUR  SIGMA-4  VALUE:  ' 

INQUIRE  SIG6  ’WHAT  IS  YOUR  SIGMA-5  VALUE:  ' 
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1 


INQUIRE  L  ’WHAT  IS  YOUR  LAMBDA  0  MULTIPLIER:  ’ 

INQUIRE  KQ  'WHAT  IS  YOUR  VALUE  FOP.  Kq(M31}:  ’ 

INQUIRE  KP  ’WHAT  IS  YOUR  VALUE  FOR  KP(M42) :  * 

M(3.1)sKQ;N(4.2}-KP; 

SIGMA=<SIG1. 0,0.0, 0:0, SIG2.0.0.0;0.0.SIG3.0.0;0.0.0.SIG4.0: ...  - 

0.0.0.0.SIG5>: 

TITLE1=*THE  FOLLOWING  ARE  THE  PARAMETERS  USED  IN  THE  SIMULATION’: 
DISPLAY  (TITLED 
G=G1*EYE(5) ; 

SIGMA 

F2=C2+M*A12; 

K1-INV(F24>B2)*SIGMA 

K2»L*K1 

EXEC(’M12’) ://ACUATOR  BUILD 

EXEC (’MS’)  ://PI  CONTROLLER 

EXECCMT’)  : //SYSTEM  MATRIX  XDOT-1  OUT 

EXEC (’MS’)  : //PLANT  WITH  ACTUATORS  SUPER  BLOCK 

EXEC( ’MU’) -.//MULTI  SUPERBLOCK  WITH  ACTUATORS 

EXEC ( ’MIS’) ;//MODEL  FOLLOWING  BUILD 

EXEC( ’MIS’) -.//MULTI  SUPERBLOCK  WITH  MODEL  FOLLOWING 

BUILD. ANALYZE. MULTI 1 

EXEC(’M18’);//MENUING  SYSTEM  FOR  INPUTS 


Aircraft  Model  with  Actuators 


//MS. DAT 
BUILD 
PLOT  OFF 
EDIT 

//THE  FOLLOWING  CREATES  A  SYSTEM  MATRIX  SUPER  BLOCK  WITH  ACTUATORS 
//MAKE  SURE  THE  S  MATRIX  IS  DEFINED 
//ADDS  PLANT  MATRIX 
PLANTl 
0 

DEF.2.  SUPER,  NAME, PLANT,  INPUTS. 5.  OUT. 12. ENTRY 

DEF.l.  SUPER.  NAME. ACT.  INPUTS. 5,  OUT, 10. ENTRY 

CONNECT 

INPUT.S.l.Y,  INTERNAL, 1.2. 2. 1.4. 2. 6. 3. 8. 4. 10, 5, 0,0 


OUTPUT. 22. 2. 1. 1. 2. 2. 3. 3, 4. 4. 5. 5. 6. S. 7. 7. 8. 8. 9. 9, 10, 10, 11, 11, 12. 12. 0.0 
OUTPUT. 22. 1.1. 13, 2. 14. 3. 15. 4. IS, 5. 17. 8.18. 7. 19, 8. 20, 9. 21. 10. 22. 0.0 


TOP 
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//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 


Aircraft  Model  without  Actuators 


//M7.DAT 
BUILD 
PLOT  OFF 
EDIT 
PLANT 
0 

DEF.l.  DYN,  STATE.  NAME.B.  INPUTS. 5.  OUT . 8 . STATES . 0 . ENTRY . B 

DEF.2.  ALGEBRAIC.  SUM.  NAME.SUNl.  INPUTS. 2.  OUT. 8. ENTRY, 2,1 .1 

DEF,3,  DYN,  NTH.  NAME.INT. 

0UT.8.ENTRY.1.1.1.1.1.1.1.1.1.Y 


DEF.4,  DYN. 
DEF.5.  DYN. 
CONNECT 
INPUT.5.1.Y. 

m 


STATE.  NAME.C,  INPUTS. 8.  OUT, 10, STATES.O. ENTRY, C 

STATE.  NAME. A.  INPUTS. 8.  OUT. 8. STATES.O. ENTRY, A 


INTERNAL. 1.2. 1.1. 2. 2. 3. 3. 4. 4. 5. 5. 6, 6. 7. 7. 8. 8. 0,0 
INTERNAL. 2. 3, Y 
INTERNAL. 3, 4. Y 
INTERNAL. 3. B.Y 


INTERNAL. 5. 2. 1.9. 2. 10. 3, 11. 4, 12. 5. 13, 6. 14. 7, 15. 8, 16. 0.0 
OUTPUT. 12. 4. 1.1. 2. 2. 3. 3. 4. 4, 5. 5. 6. 8. 7. 9, 8, 10. 9. 11. 10. 12. 0.0 
OUTPUT. 12. 2. 1.6. 2, 7. 0.0 


//OUTPUT  FROM  BLOCK  2  -  6  AND  7  ARE  XD0T(A11  AND  A12) 
TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 


PI  Controller 


//M8.DAT 
BUILD 
PLOT  OFF 
EDIT 

//THE  FOLLOWING  CREATES  A  PI  CONTROLLER 
//THE  CURRENT  INPUTS  ARE  5  WITH  K1  AND  K2 
//DIMENSIONED  5X5 
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//TO  CHANGE  THEM  FOR  A  3  INPUT  SYSTEM  JUST 

//CHANGE  OUTPUTS  AND  INPUTS  FROM  5  TO  WHATEVER  YOU  WANT 

PI 

.02S 

.026 

DEF.l.  DYN,  Nth.  NAME. INT, OUT. 6. ENTRY. 1 . .025, .025, .025. .025, .026. YES 
DEF.2.  DYN.  STATE. NAME. K2.  INPUTS.5.0UT.5,STATES.0.ENTRY.K2 

DEF.5.  DYN.  STATE.NAME .K1 .  INPUTS .5 .OUT. 5 .STATES .O.ENTRY .K1 

DEF.3.  ALGEBRAIC.  SUM.  NAME.SUMl .INPUTS.2.0UT , 5 .ENTRY.2. 1 . 1 
CONNECT 

INPUT.5.1.Y.  INTERNAL.1.2.Y.  OUTPUT, 5. 3. Y 

INPUT. 5. 5. Y.  INTERNAL. 2. 3. 1.1. 2. 2. 3, 3. 4. 4. 5. 5. 0.0 

INTERNAL. 5. 3. 1.6. 2. 7. 3. 8. 4. 9. 5. 10. 0.0 

TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 


Plant  and  PI  Controller 


//MU.  DAT 
BUILD 
PLOT  OFF 
EDIT 

//THE  FOLLOWING  CREATES  A  MULTI  SUPERBLOCK  FOR  SIMULATION  -  5  INPUTS 

//INSURE  YOU  HAVE  CREATED  THE  SUPERBLOCKS  PI  AND  APPROPRIATE  PLANT 

//THIS  IS  A  SIMULATION  FOR  AN  IRREGULAR  PLANT  WITH  ACTUATORS 

//THIS  SUPERBLOCK  WILL  HAVE  10  OUTPUTS-  OUTPUT  1-5  WILL  BE  COMMAND  INPUTS 

//OUTPUTS  5-14  WILL  BE  STATE  VARIABLES 

MULTI 

0 

DEF.2.  SUPER.  NAME. PI.  INPUTS. 5.  OUT. 5.  ENTRY 

DEF.4.  SUPER.  NAME.PLANTl .INPUTS. 5.  OUT. 22.  ENTRY 

DEF.3.  DYN.  STATE. NAME. G.  INPUTS. 5.  OUT. 5. STATES. 0, ENTRY. G 

DEF.5.  DYN.  STATE. NAME. M.  INPUTS. 2.  OUT. 5. STATES. O.ENTRY.M 

DEF.l.  ALGEBRAIC.  SUM.  NAME.SUMl.  INPUTS. 2.  OUT .5 .ENTRY . 2 . 1 . -1 

DEF.6.  ALGEBRAIC.  SUM.  NAME.W.  INPUTS. 2.  0UT.5. ENTRY. 2.1 .1 

CONNECT 

INPUT. 5. 1.1. 1.2, 2. 3. 3. 4. 4. 5. 5. 0.0. 

INTERNAL . 1 . 2 . Y 
INTERNAL. 2. 3. Y 
INTERNAL. 3. 4. Y 
INTERNAL. 4. 5. 6. 1.7. 2. 0.0 


F-47 


INTERNAL. 4. 6. 1.1. 2. 2. 3. 3. 4. 4. 5, 5, 0,0 
INTERNAL. 5. 6. 1.6. 2. 7. 3. 8. 4. 9. 5. 10. 0,0 
INTERNAL. 6, 1.1. 6. 2. 7, 3, 8. 4. 9, 5, 10. 0,0 
OUTPUT, 20. 4. 14. 1.16, 2. 18, 3. 20. 4. 22. 5. 0.0 
OUTPUT. 20. 4. 13. 16, 15. 17. 17. 18. 19. 19. 21. 20. 0.0 

OUTPUT. 20. 4. 1.6. 2. 7. 3. 8. 4. 9. 5. 10. 8. 11. 9. 12. 10. 13. 11. 14. 12. 15. 0.0 

//OUTPUTS  1-5  ARE  CONTROL  OUTPUTS : CL . CR . TEL . TER , RUDDER 

//OUTPUTS  6-15  ARE  STATE  OUTPUTS :VEL. THETA. BETA. PHI, R.W.Q.P.NZ.NZPILOT 

//OUTPUTS  13.15.17.19.21  RATES  FOR  ACTUATORS  CL . CR . TEL . TER . RUD 

TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
NAT 


Actuators 


//M12.DAT 

//THIS  ROUTINE  BUILDS  THE  ACTUATORS  FOR  THE  CRCA 
//FIRST  ORDER  MODEL  OF  XD=-20X+20U 
BACT=20;//B  MATRIX  FOR  THE  ACTUATOR 
m  AACTs-20;//A  MATRIX  FOR  THE  ACTUATOR 

BUILD 
PLOT  OFF 
EDIT 
ACL 
0 

DEF.l.  DYN,  STATE.  NAME.B.  INPUTS. 1,  OUT . 1 , STATES .0. ENTRY ,BACT 

DEF.2.  ALGEBRAIC,  SUM.  NAME.SUMl,  INPUTS. 2.  OUT , 1 .ENTRY , 2 . 1 . 1 

DEF,3.  PIECE.  3  ,  NAME.RLIM,  INPUTS. 1,  OUT. 1 .ENTRY , 100 

DEF.4.  DYN. NEXT.  LIM.  NAME .LMTINT . INPUTS. 1 .  OUT. 1 .ENTRY , 30. -60 . 1 . Y 

DEF,5.  DYN.  STATE.  NAME. A.  INPUTS. 1.  OUT , 1 .STATES .0 .ENTRY ,AACT 

CONNECT 

INPUT, 1.1,  INTERNAL. 1.2. 1.1. 0.0 

INTERNAL. 2. 3 
INTERNAL. 3, 4 
INTERNAL. 4, 5 
INTERNAL.5,2.1 ,2.0,0 

OUTPUT. 2, 3. 1.1, 0.0 

OUTPUT, 2, 4, 1.2. 0,0 

//OUTPUT  FROM  BLOCK  3  -  RATE  LIMITER 

//OUTPUT  FROM  BLOCK  4  -  POSITION  LIMITER 

TOP 
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//BUILDING  THE  RIGHT  CANARD  ACTUATOR 

COPY. 

ACL. 

ACR 

//BUILDING  TRAILING  EDGE 

LEFT  ACTUATOR 

EDIT 

ATLl 

0 

DEF.l. 

DYN. 

STATE. 

NAME.B.  INPUTS. 1. 

OUT , 1 . STATES . 0 . ENTRY , BACT 

DEF.2. 

ALGEBRAIC, 

SUM. 

NAME.SUMl.  INPUTS. 2. 

OUT. 1. ENTRY. 2. 1.1 

DEF.3. 

PIECE. 

3  . 

NAME.RLIM.  INPUTS, 1. 

OUT. 1. ENTRY, 100 

DEF.4. 

DYN. NEXT, 

LIM, 

NAME . LMTINT . INPUTS . 1 . 

OUT. 1, ENTRY. 30. -30. l.Y 

DEF.5. 

DYN. 

STATE. 

NAME. A.  INPUTS. 1. 

OUT . 1 , STATES , 0 . ENTRY , AACT 

CONNECT 

INPUT. 1.1. 

INTERNAL. 1.2. 1.1. 0.0 

INTERNAL. 2. 3 
INTERNAL. 3. 4 
INTERNAL. 4. 5 

INTERNAL, 5. 2. 1.2. 0.0  OUTPUT. 2. 3,1 .1 .0.0 

OUTPUT. 2. 4, 1,2, 0.0 

//OUTPUT  FROM  BLOCK  3  -  RATE  LIMITER 

//OUTPUT  FROM  BLOCK  4  -  POSITION  LIMITER 

TOP 


//BUILDING  TRAILING  EDGE  RIGHT  ACTUATOR 
COPY ,  ATLl .  ATRl 


//BUILDING  RUDDER 
EDIT 
ATRUD 
0 

DEF.l.  DYN. 

DEF.2.  ALGEBRAIC, 
DEF.3.  PIECE, 
DEF.4.  DYN. NEXT. 
DEF.5,  DYN, 
CONNECT 
INPUT, 1.1. 


ACTUATOR 


STATE.  NAME.B. 

SUM,  NAME.SUMl. 

3  .  NAME.RLIM. 

LIM,  NAME.LMTINT 
STATE.  NAME, A. 


INPUTS. 1. 

OUT.l 

INPUTS, 2, 

OUT.l 

INPUTS. 1. 

OUT.l 

.  INPUTS . 1 . 

OUT.l 

INPUTS . 1 . 

OUT.l 

,  STATES, 0, ENTRY, BACT 
.ENTRY, 2.1 ,1 
.ENTRY, 100 
.ENTRY, 20. -20. l.Y 
.  STATES, 0. ENTRY. AACT 


INTERNAL. 1.2, 1.1. 0,0 
INTERNAL. 2. 3 
INTERNAL, 3, 4 
INTERNAL, 4. 5 

INTERNAL. 5. 2. 1.2. 0.0  OUTPUT , 2 , 3 . 1 . 1 .0 .0 


OUTPUT. 2. 4. 1,2, 0.0 

//OUTPUT  FROM  BLOCK  3  -  RATE  LIMITER 

//OUTPUT  FROM  BLOCK  4  -  POSITION  LIMITER 
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TQP 

//BUILD  SUPER  BLOCK  OF  ACTUATORS 
EDIT 
ACT 
0 

DEF,  1.  SUPER. 

DEF,  2.  SUPER. 

DEF.  3.  SUPER. 

DEF.  4.  SUPER. 

DEF.  5.  SUPER. 

CONNECT 

INPUT. 5. 1.1. 1.0.0. 

INPUT. 5. 2. 2. 1.0.0. 

INPUT. 5. 3. 3. 1,0.0. 

INPUT. 5. 4. 4. 1.0.0. 

INPUT, 5, 5, 5. 1.0.0. 

TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 

CLEAR  BACT  AACT 


NAME . ACL .  INPUTS . 1 .  OUT . 2 , ENTRY 
NAME.ACR.  INPUTS. 1,  OUT, 2. ENTRY 
NAME.ATLl.  INPUTS. 1.  OUT. 2. ENTRY 
NAME.ATRl.  INPUTS. 1.  OUT. 2, ENTRY 
NAME.ATRUD.  INPUTS. 1.  OUT. 2. ENTRY 

OUTPUT. 10, 1.1, 1.2. 2. 0.0 
OUTPUT. 10, 2, 1.3, 2. 4. 0,0 
OUTPUT. 10. 3. 1.5. 2. 6. 0.0 
OUTPUT, 10. 4. 1.7. 2. 8, 0.0 
OUTPUT. 10. 5. 1.9. 2. 10. 0.0 


I 


I 


I 


I 


I 


Model  Following  Filter 


//M15.DAT 

//THE  FOLLOWING  EXECUTABLE  ROUTINE  BUILDS  A  MODEL  FOLLOWING  PROGRAM 
PRFB=<-12.-57,-100.1:1.0.0,0:0.1.0,0;0.0.100,0>: 

PRFR=PRFB : 

PRFP*<-18,-105,-250,1:1,0,0.0:0.1.0,0:0.0.250,0>; 

PRFV=PRFP : 


PRFT=<-10.-41.-50.1;1.0.0,0;0.1.0.0;0.0.50.0>; 


BUILD 

PLOT  OFF 

EDIT 

PREF 

0 

DEF.l.  DYN, 

STATE, NAME. 

DEF . 2 . 

DYN. 

STATE. NAME, 

DEF, 3. 

DYN, 

STATE. NAME. 

DEF. 4. 

DYN. 

STATE. NAME. 

DEF. 5. 

DYN. 

STATE. NAME. 

PREl. 

INPUTS . 1 . 

OUT . 1 , 

PRE2. 

INPUTS. 1. 

OUT , 1 . 

PRE3. 

INPUTS . 1 . 

OUT .  1 . 

PRE4. 

INPUTS . 1 . 

OUT.l, 

PRES. 

INPUTS . 1 . 

OUT . 1 . 

STATES . 3 . ENTRY . PRFV , Y 
STATES . 3 , ENTRY . PRFB , Y 
STATES. 3. ENTRY. PRFT.Y 
STATES . 3 . ENTRY . PRFP . Y 
STATES . 3 , ENTRY . PRFR . Y 


I 
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CONNECT 

INPUT. 5, 1.1. 1.0,0. 
INPUT. 5, 2. 2, 1.0.0. 
INPUT. 5. 3. 3. 1.0.0. 
INPUT. 5. 4, 4. 1.0.0, 
INPUT. 5. 5. 5. 1.0.0. 
TOP 


OUT. 5. 1.1. 1,0.0 
OUT. 5. 2  1.2. 0.0 
OUT, 5. 3. 1.3. 0.0 
OUT. 6. 4. 1.4. 0.0 
OUT. 5. 6.1.5. 0,0 


//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 


MAT 

CLEAR  PRFV  PRFB  PRFT  PRFP  PRFR 


Aircraft  Model  with  PI  Controller  and  Pre-Filter 


//M16.DAT 

//THIS  EXECUTABLE  FILE  BUILDS  A  MULTI  SUPERBLOCK  WITH  PRE  FILTER 


//ALSO  BUILDS  NORMAL  ACCELERATION  AT  PILOT  STATION  OUTPUT 


BUILD 


PLOT  OFF 
EDIT 
MULTI 1 


0 


DEF.2. 

SUPER. 

NAME. MULT I, 

DEF , 1 , 

SUPER. 

NAME.PREF, 

DEF.5, 

DYN, STATE. 

NAME. NZM, 

DEF , 4 . 

ALGEBRAIC, 

SUM.NAME.NZ 

CONNECT 

INPUTS, 5,  OUT, 20,  ENTRY 

INPUTS. 5.  OUT, 5.  ENTRY 

INPUTS , 4 ,  OUT , 1 , STATES , 0 . ENTRY , NZM 

INPUTS. 2.  OUT. 1. ENTRY. 2, 1.1 


INPUT,5,1,Y,  INTERNAL. 1, 2. K 

INTERNAL. 2. 5. 1.1. 2. 2. 3, 3. 4, 4. 0.0 
INTERNAL, 5. 4. 1.1. 0.0 
INTERNAL. 2, 4. 14. 2. 0,0 

OUT. 25. 2. 1.1. 2. 2, 3. 3, 4. 4. 5. 5. 6. 6, 7, 7, 8. 8. 9. 9. 10, 10. 11. 11. 12. 12. 0.0 
OUT, 25. 2, 13, 13, 14, 14. 0,0 
OUT, 25. 4, 1,15. 0.0 

OUT. 25,1 .1 ,16.2,17.3.18,4,19,5,20,0.0 
OUT, 25, 2. 16, 21 .17,22.18.23.19.24.20.25.0.0 


//OUTPUTS  21.22,23,24,25  ARE  RATES  FOR  CL.CR.TEL.TER.RUD 
TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 


Simulation  and  Plotting 


F-51 


//M18.DAT 
ERASE; CLEAR  Y 

INQUIRE  TYPE  'WHAT  FLIGHT  MANEUVER  WOULD  YOU  LIKE:  ' 
Y=HSIM(T1.TYPE): 

INQUIRE  PLT  'DO  YOU  WANT  HARDCOPIES' 

INQUIRE  PLTl  '1=R8  PLOTS . 0=R2  PLOTS - 2=R10  PLOTS'; 

IF  PLT1=1.EXEC('R8') 

IF  PLTl=O.EXEC('R3') 

IF  PLT1=2.EXEC('R10') 

INQUIRE  REST  'DO  YOU  WANT  TO  CHANGE  THE  INPUT;  ' 

IF  REST=YES.EXEC('M18') ;END; 


Low  Pass  Filter 


//M19.DAT 

//THE  FOLLOWING  EXECUTABLE  ROUTINE  BUILDS  A  LOW  PASS  PREFILTER 
PRF=<-10.1;10.0>; 

BUILD 
PLOT  OFF 
EDIT 
PREF 
0 


DEF.l.  DYN, 

STATE. NAME, 

PREl, 

INPUTS. 1. 

OUT.l,  STATES. 1 .ENTRY, PRF, Y 

DEF.2.  DYN. 

STATE. NAME, 

PRE2. 

INPUTS . 1 . 

OUT.l,  STATES.l. ENTRY. PRF. Y 

DEF,3.  DYN. 

ST ATE, NAME. 

PRE3. 

INPUTS . 1 , 

OUT.l,  STATES.l .ENTRY, PRF. Y 

DEF.4.  DYN. 

STATE. NAME, 

PRE4, 

INPUTS. 1, 

OUT.l,  STATES.l .ENTRY, PRF, Y 

DEF.5.  DYN. 

CONNECT 

STATE, NAME. 

PRES. 

INPUTS. 1. 

OUT.l.  STATES.l. ENTRY. PRF, Y 

INPUT. 5, 1.1, 1,0.0. 

OUT. 5. 1.1. 1,0,0 

INPUT. 5. 2. 2. 

1.0.0, 

OUT, 5. 2. 1.2. 0.0 

INPUT. 5. 3. 3, 

1,0.0. 

OUT. 5, 3, 1.3, 0,0 

INPUT. 5, 4, 4. 

o 

o 

OUT. 5, 4. 1.4. 0.0 

INPUT. 5. 5, 5, 

1.0,0, 

OUT. 5, 5, 1.5. 0,0 

TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 

CLEAR  PRF 


« 


J 


Pitch  Rate  Tracking  Plots 
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//R2.DAT 

//THIS  ROUTINE  PREPARES  ALL  PLOTS  FOR  THE  PITCH  RATE  TPACKTKG 

PLOT(Tl.Y(: ,[83)*57.3. ’ALABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/. TITLE/  PITCH  ANGLE/ . UPPER ' ) 

PL0T(T1.Y(:.[12])*57.3.’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/, TITLE/  PITCH  RATE/, LOWER, KEEP’) 

IF  PLT*l,HARDCOPY; 

PLOT(Tl,Y(: , [9  7])*57.3, ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/, TITLE/  PHI  VS  BETA/ _ 

YMIN=-1,YMAX=1, UPPER  LEFT’): 

PLOT(Tl,Y{: , [10  13] ) *57 . 3 , ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/, TITLE/  ROLL  RATE  (P)  VS  YAW  RATE  (R)/ _ 

YMIN=-1,YMAX=1, LOWER  LEFT,KEEP’) 

PL0T(T1.Y(: ,[6  11] ) , ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/FT-SEC/, TITLE/  VELOCITIES  (U)  AND  (W)/ _ 

UPPER  RIGHT’) 

PL0T(T1,Y(: ,15) . ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/G/, TITLE/  NORMAL  ACCELERATION/ , LOWER  RIGHT , KEEP ’) ; 

IF  PLT=1, HARDCOPY: 

PL0T(T1,Y(:,1),’ XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/, TITLE/  LEFT  CANARD  DEFLECTION/ , UPPER  LEFT’); 

PL0T(T1,Y(: ,2) , ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/, TITLE/  RIGHT  CANARD  DEFLECTION/,... 

UPPER  RIGHT,KEEP’) : 

PLOT (T1,Y(:, 21), ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/, TITLE/  LEFT  CANARD  RATE/, LOWER  LEFT, KEEP’): 

PL0T(T1.Y(:, 22), ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/, TITLE/  RIGHT  CANARD  RATE/,... 

LOWER  RIGHT. KEEP’) : 

IF  PLT=1 .HARDCOPY: 

PLOTCTl .Y( ; ,3) . ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/, TITLE/  LEFT  TRAILING  EDGE  DEFLECTION/ _ 

UPPER  LEFT’): 

PL0T(T1,Y(: .4). ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/. TITLE/  RIGHT  TRAILING  EDGE  DEFLECTION/ _ 

UPPER  RIGHT.KEEP’) : 

PL0T(T1 .Y( : .23) . ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/, TITLE/  LEFT  TRAILING  EDGE  RATE/ _ 

LOWER  LEFT.KEEP’): 

PL0T(T1,Y(; .24) . ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/, TITLE/  RIGHT  TRAILING  EDGE  RATE/,... 

LOWER  RIGHT.KEEP’): 

IF  PLT=1 .HARDCOPY: 

PLOT  (T1,Y(; .5). ’XLABEL/TIME  IN  SECONDS/ _ 
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YLABEL/DEGREES/, TITLE/  RUDDER  DEFLECTION/ _ 

YMIN=-1 .YMAX=1.UPPER') ; 

PLOT(Tl.Y(:.25).*XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/, TITLE/  RUDDER  RATE/ _ 

YMIN= - 1 , YMAX= 1 . LOWER . KEEP  * ) : 

IF  PLT=1 .HARDCOPY; 

PLOT(Tl.Y(: .18)*57.3.‘XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/, TITLE/  PITCH  RATE  COMMAND/ , UPPER ’ ) 

IF  PLT=1. HARDCOPY: 

ERASE 

RETURN 


45  Degree  Coordinated  Turn  Plots 


//R8.DAT 

//THIS  ROUTINE  PREPARES  ALL  PLOTS  FOR  THE  45  DEGREE  TURN 
PLOT(Tl,Y(: . [9  7] ) *57 . 3 . 'XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/, TITLE/  PHI  VS  BETA/.UPPER') : 

PLOT(Tl.Y(; . [10])*57.3. 'XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/, TITLE/  YAW  RATE  (R)/.LOWER.KEEP’) 

IF  PLT=1, HARDCOPY 

PLOT(Tl.Y(: .[6  11] ). ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/FT-SEC/, TITLE/  VELOCITIES  (U)  AND  (W)/ _ 

YMIN=-1 00. YMAX=2. UPPER  LEFT’) 

PL0T(T1,Y(: .[8  12]  ) *57 . 3 .’ XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/. TITLE/  PITCH  ANGLE  VS  PITCH  RATE/,.. 

YMIN= -2 , YMAX=2 . UPPER  RIGHT . KEEP ’ ) 

PL0T(T1,Y(: .13)*57. 3. ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/, TI'^LE/  ROLL  RATE/,... 

YMAX=100,YMIN=-20, LOWER  LEFT .KEEP ’) ; 

PL0T(T1.Y(; .15). ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/G/, TITLE/  NORMAL  ACCELERATION/ _ 

YMAX=3,YMIN=-3,L0WER  RIGHT .KEEP ’) ; 

IF  PLT=1 .HARDCOPY: 

PL0T(T1 ,Y( : ,1) . ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/, TITLE/  LEFT  CANARD  DEFLECTION/ _ 

UPPER  LEFT'); 

PL0T(T1.Y(: .2). ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/, TITLE/  RIGHT  CANARD  DEFLECTION/,.. 

UPPER  RIGHT.KEEP’) : 

PL0T(T1.Y(: .21) . ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/, TITLE/  LEFT  CANARD  RATE/ _ 
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LOWER  LEFT.KEEP’): 

PLOT(Tl.Y(: .22) . 'XEABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/. TITLE/  RIGHT  CANARD  RATE/, LOWER  RIGHT .KEEP ') ; 

IF  PLT=1. HARDCOPY; 

PL0T(T1.Y(:.3).’XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEGREES/. TITLE/  LEFT  TRAILING  EDGE  DEFLECTION/ _ 

UPPER  LEFT’): 

PLOT(Tl.Y(: .4) .’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/. TITLE/  RIGHT  TRAILING  EDGE  DEFLECTION/ _ 

UPPER  RIGHT.KEEP’) ; 

PLOT(Tl.Y(: .23). ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/. TITLE/  LEFT  TRAILING  EDGE  RATE/ _ 

LOWER  LEFT.KEEP’); 

PLOT(Tl.Y(; .24) .’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/. TITLE/  RIGHT  TRAILING  EDGE  RATE/ _ 

LOWER  RIGHT.KEEP’) ; 

IF  PLT=1, HARDCOPY; 

PLOT  (T1.Y(: .5). ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/ .TITLE/  RUDDER  DEFLECTION/ .UPPER’ ) ; 

PLOT(Tl.Y(: .25) , ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/, TITLE/  RUDDER  RATE/ .LOWER, KEEP ’) ; 

IF  PLT=1. HARDCOPY; 

PLOT(Tl,Y(: .19) •57. 3. ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/ .TITLE/  BANK  ANGLE  COMMAND/ . UPPER ’ ) ; 

PLOT(Tl.Y(: .20)»57. 3. ’XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEGREES/, TITLE/  YAW  RATE  COMMAND/.LOWER.KEEP’) ; 

IF  PLT=1. HARDCOPY; 

ERASE 

RETURN 


Beta  Command  Plots 


//RIO. DAT 

//THIS  ROUTINE  PREPARES  ALL  PLOTS  FOR  THE  45  DEGREE  TURN 

PLOTCTl .Y( : . [9  7] ) *57 . 3 . ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/, TITLE/  PHI  VS  BETA/ .UPPER ’) ; 

PLOTCTl .Y( : . [10] ) *57. 3. ’XLABEL/TIME  IN  SECONDS/. . . . 

YLABEL/DEG-SEC/, TITLE/  YAW  RATE  (R) / .LOWER .KEEP ’ ) 

IF  PLT=1 .HARDCOPY 

PLOTCTl. Y(:. [6  11] ). 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/FT-SEC/. TITLE/  VELOCITIES  CU)  AND  CW)/.... 

YMIN=- 100, YMAX*2, UPPER  LEFT’) 
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PL0T(T1.Y(: .[8  12] ) *67 . 3 . ‘XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/. TITLE/  PITCH  ANGLE  VS  PITCH  RATE/ _ 

YMIN=-2.YMAX=2. UPPER  RIGHT. KEEP') 

PL0T(T1.Y(; .13)*57. 3. ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/, TITLE/  ROLL  RATE/ _ 

YMAX= 1 00 . YMIN= - 20 . LOWER  LEFT . KEEP ' ) ; 

PL0T(T1.Y(: .15) . 'XLABEL/TIME  IN  SECONDS/.... 

YLABEL/G/ .TITLE/  NORMAL  ACCELERATION/ .... 

YMAX=3 . YMIN= -3 , LOWER  RIGHT .KEEP ' ) ; 

IF  PLT=1 .HARDCOPY; 

PLOT (Tl. Y( : .1).' XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEGREES/. TITLE/  LEFT  CANARD  DEFLECTION/ _ 

UPPER  LEFT’): 

PL0T(T1.Y(; .2) . 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/. TITLE/  RIGHT  CANARD  DEFLECTION/ _ 

UPPER  RIGHT.KEEP') : 

PL0T(T1.Y(: ,21) . 'XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEG-SEC/. TITLE/  LEFT  CANARD  RATE/,... 

YMAX=50.YMIN=- 50. LOWER  LEFT. KEEP’) : 

PLOTCTl .Y(; .22) . 'XLABEL/TIME  IN  SECONDS/. . . . 

YLABEL/DEG-SEC/, TITLE/  RIGHT  CANARD  RATE/,... 

YMAX=50.YMIN=-50. LOWER  RIGHT.KEEP’) ; 

IF  PLT=1. HARDCOPY: 

PL0T(T1,Y(:. 3), 'XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEGREES/. TITLE/  LEFT  TRAILING  EDGE  DEFLECTION/, 

UPPER  LEFT’): 

PL0T(T1.Y(:. 4), 'XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEGREES/. TITLE/  RIGHT  TRAILING  EDGE  DEFLECTION/. 

UPPER  RIGHT.KEEP'): 

PL0T{T1,Y(: .23) . 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/, TITLE/  LEFT  TRAILING  EDGE  RATE/,... 

YMAX=50,YMIN=-50. LOWER  LEFT, KEEP’) ; 

PL0T(T1.Y(:, 24). 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/. TITLE/  RIGHT  TRAILING  EDGE  RATE/ _ 

YMAX=50.YMIN=-50, LOWER  RIGHT.KEEP’) ; 

IF  PLT=1 .HARDCOPY: 

PLOT  (T1,Y(; .5) . 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/, TITLE/  RUDDER  DEFLECTION/ .UPPER’ ) ; 

PL0T(T1.Y(:. 25). 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/, TITLE/  RUDDER  RATE/ .LOWER .KEEP ’) ; 

IF  PLT=1 .HARDCOPY; 

PL0T(T1.Y(: .17)*57. 3. 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/, TITLE/  YAW  ANGLE  COMMAND/ .UPPER’ ) ; 

IF  PLT=1. HARDCOPY: 

ERASE 
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RETURN 


F.5  ARMA  Fixed  Gain  System  Analysis  Macros 

The  ARMA  plant  representations  were  analyzed  in  the  discrete  time  domain 
with  the  fixed  gain  PI  control  law  and  the  sampling  time  equal  to  40  Hz  with  the 
following  MATRIX*  macros. 


!• 


F-57 


Main  Program  for  CRCA  Simulation  -  Ramped  Input 


//DISCRETE  ANALYSIS  WITH  T3AMP-.025  AND  ARMA  MODEL  REPRESENTATION 
EXEC(‘ARMA‘) 

CLEAR  CHECK  CO  TT  R  SD  AD  BD  CD  DD  VI  VI  TF  T 

CLEAR  RN  CBAR  ADBAR  BDBAR  H  SQ  SPl  SP2  GON  GODEN 

TITLE** CRCA  SIMULATION  6  INPUTS  AND  5  OUTPUTS  -  PORTER  METHOD  * ; 

DISPLAY (TITLE) 

N0*0:YES*1: 

//LGT  SETS  THE  DURATION  OF  THE  SIMULATION 
INQUIRE  LGT  ’WHAT  IS  THE  SIMULATION  DURATION:  * 

LGT2=(LGT-3)/.025; 

LGTl=(LGT-.5)/.025;//SETS  THE  RAMPING  FOR  SURFACE  LIMITS 
T1=<0; .025:LGT>* : 

//SUBROUTINE  TO  BUILD  COMMAND  FILES 
//STEP  COMMANDS 

R2A*. 03491 *<0; .025:3>’ ; 

R2B=<R2A : (3* .03491 ) ♦0MES(LGT2 . 1)> ; 

R2  *<0*0MES(T1) .0*0NES(T1) .R2B .0*ONES(T1) .0*ONES(T1)>; 

R8A  *2*.7854*<0: .025: .5>* ; 

R8A1*2*.02642*<0: .025: .5>* ; 

R8B  *<R8A; .7854*0NES(LGT1.1)>; 

R8B1*<R8A1 ; .02542*0NES(LGT1 . l)> : 

R8  *<0»ONES(T1) .0*ONES(T1) .0*0NES(T1) .R8B.R8B1>; 

R10A«2* . 0349*<0 ; . 025 : . 5>  * ; 

R10B=<R10A; .0349*ONES(LGT1 .1)>; 

R10=<0*0NES(T1) .R10B.O*ONES(T1) .0*0NES(T1) .0*0NES(T: ) > : 

// 

CLEAR  R2A  R2B  R8A  R8A1  R8B  R8B1  RlOA  RlOB 

// 

G1=1://FIXED  AS  A  FUNCTION  OF  SAMPLING  TIME 


INQUIRE 

SIGl 

•WHAT 

IS 

YOUR 

SIGMA-l 

VALUE 

INQUIRE 

SIG2 

■WHAT 

IS 

YOUR 

SIGNA-2 

VALUE 

INQUIRE 

SIG3 

’WHAT 

IS 

YOUR 

SIGMA-3 

VALUE 

INQUIRE 

SIG4 

’WHAT 

IS 

YOUR 

SIGMA-4 

VALUE 

INQUIRE 

SIG5 

’WHAT 

IS 

YOUR 

SIGMA-5 

VALUE 

INQUIRE 

KQ  ’WHAT  IS 

YOUR  VALUE  FOR 

KQ(M31) 

INQUIRE 

KP  ’WHAT  IS 

YOUR  VALUE  FOR 

KP(M42) 

INQUIRE 

GAMl 

’WHAT 

IS 

YOUR 

GANNA -1 

VALUE 

INQUIRE 

6AN2 

’WHAT 

IS 

YOUR 

GAMMA -2 

VALUE 

INQUIRE 

GAMS 

’WHAT 

IS 

YOUR 

GAMMA- 3 

VALUE 

INQUIRE 

GAM4 

■WHAT 

IS 

YOUR 

GANMA-4 

VALUE 

INQUIRE 

GAMS 

’WHAT 

IS 

YOUR 

GAMMA -5 

VALUE 

M(3,1)=KQ;M(4,2)=KP; 


GAMMA=<GAMl,0,0.0.0;O.GAM2.O.O.O;O.0.GAM3.0.0;0.0.O.GAM4,0; . . . 
0.0.0.0.GAM5>; 

SIGMA=<SIG1.0.0.0.0;0,SIG2.0.0.0;O.O.SIG3.0.0:0.0,O.SIG4.0; . . . 
0.0,0.0.SIG5>; 

CLEAR  SIGl  SIG2  SIG3  SIG4  SIG5  GAMl  GAN2  GAM3  GAM4  GAMS 
G=Gl*EyE(5) ; 

K1=INV(B1ARMA)*SIGMA; 

K2=INV(G0)*GAMMA: 

EXEC('M12') ://ACTUATOR  BUILD 
EXEC  CMS’)  ://PI  CONTROLLER 
EXECCM7')  ://SYSTEM  MATRIX  XDOT-1  OUT 
EXECCM6’)  : //PLANT  WITH  ACTUATORS  SUPER  BLOCK 
EXECCMll*)  ://MULTI  SUPERBLOCK  W/0  ACTUATORS 
EXECCMIS*)  ://PRE  FILTERS  BUILD 
EXEC(’M16‘) ://MULTI  SUPERBLOCK  WITH  PREFILTERS 
BUILD. ANALYZE, MULTI 1 

EXECCMIS’) -.//MENUING  SYSTEM  FOR  INPUTS 


Main  Program  for  CRCA  Simulation  -  Model  Following  Input 


//DISCRETE  ANALYSIS  WITH  TSAMP=.025  WITH  ARMA  GAIN 
EXECCARMA') 

CLEAR  CHECK  CO  TT  R  SD  AD  BD  CD  DD  VI  VI  TF  T 

CLEAR  RN  CBAR  ADBAR  BDBAR  H  SQ  SPl  SP2  GON  GODEN 

//MULTI 1. DAT  -  SIMULATION  WITH  MODEL  FOLLOWING 

TITLE=’CRCA  SIMULATION  S  INPUTS  AND  5  OUTPUTS  -  PORTER  METHOD’; 

DISPLAY(TITLE) 

N0=0;YES=1; 

//LGT  SETS  THE  DURATION  OF  THE  SIMULATION 
INQUIRE  LGT  'WHAT  IS  THE  SIMULATION  DURATION;  ’ 

LGT2=(LGT-3)/.025; 

T1=<0: .025;LGT>’ : 

//SUBROUTINE  TO  BUILD  COMMAND  FILES 
//STEP  COMMANDS 

R2A=.03491»<0: . 025:3. 0>’ ; 

R2B=<R2A; (3*.03491)*0NES(LGT2,1)>; 

R2  =<0*0NES(T1) ,0*ONES(Tl) .R2B .0»0NES(T1) ,0*ONES(T1)> ; 

R8  =<0*0NES(T1) .0*ONES(T1) ,0*0NES(T1) . .7854*0NES(T1) . . 02542*ONES (Tl) > 
R10=<0*ONES(T1) . .0349*ONES(T1) ,0*0NES(n ) .0*0NES(T1 ) .0*0NES(T1)>; 

// 

CLEAR  R2A  R2B 

// 
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•« 


G1=1://FIXED  AT  THE  SAMPLING  FREQUENCY 
INQUIRE  SIGl  ’TOAT  IS  YOUR  SIGMA-l  VALUE;  ’ 

INQUIRE  SIG2  'WHAT  IS  YOUR  SIGMA-2  VALUE:  ' 

INQUIRE  SIG3  'WHAT  IS  YOUR  SIGMA-3  VALUE:  ' 

INQUIRE  SIG4  'WHAT  IS  YOUR  SIGMA-4  VALUE:  ' 

INQUIRE  SIG5  'WHAT  IS  YOUR  SIGMA-5  VALUE;  ' 

INQUIRE  KQ  'WHAT  IS  YOUR  VALUE  FOR  KQ(M31) :  ' 

INQUIRE  KP  'WHAT  IS  YOUR  VALUE  FOR  KP(M42) :  ' 

INQUIRE  GAMl  'WHAT  IS  YOUR  GAMMA- 1  VALUE;  ' 

INQUIRE  GAM2  'WHAT  IS  YOUR  GAMMA-2  VALUE:  ' 

INQUIRE  GAM3  'WHAT  IS  YOUR  GAMMA-3  VALUE:  ' 

INQUIRE  GAM4  'WHAT  IS  YOUR  GAMMA -4  VALUE:  ' 

INQUIRE  GAMS  'WHAT  IS  YOUR  GAMMA-5  VALUE:  ' 

M(3.1)=KQ;M(4.2)=KP: 

GAMMA=<GAM1. 0,0,0, 0:0. GAM2. 0.0, 0:0, 0,GAM3.0.0;0.0.0,GAM4.0; . . . 
0.0.0.0.GAM6>: 

SIGMA=<SIG1.0.0.0.0;O.SIG2,0.0.0:O.O.SIG3.0.0;O.O.O.SIG4.0; . . . 
0.0.0.0.SIG5>: 

CLEAR  GAMl  GAM2  GAMS  GAM4  GAMS  SIGl  SIG2  SIG3  SIG4  SIG5 
TITLE1='THE  FOLLOWING  ARE  THE  PARAMETERS  USED  IN  THE  SIMULATION'; 
DISPLAY(TITLEl) 

G=G1*EYE(5): 

SIGMA 

GAMMA 

KlsINV(BlARMA)  ♦SIGMA 
K2=INV(G0)*GAMMA 
EXEC('M12') ://ACTUATOR  BUILD 
EXEC('M8')  ;//PI  CONTROLLER 
EXECCMT')  ://SYSTEM  MATRIX  XDOT-1  OUT 
EXEC('M6')  -.//PLANT  WITH  ACTUATORS  SUPER  BLOCK 
EXEC(’M11');//MULTI  SUPERBLOCK  W/0  ACTUATORS 
EXEC(’M15');//PRE  FILTERS  BUILD 

EXEC('M16'); //MULTI  SUPERBLOCK  WITH  MODEL  FOLLOWING 
BUILD. ANALYZE, MULT II 

EXEC( ’MIS') ;//MENUING  SYSTEM  FOR  INPUTS 


I 


I 


I 


I 


i 


//M6.DAT 
BUILD 
PLOT  OFF 
EDIT 


Aircraft  Model  With  Actuators 


f 


i 
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//THE  FOLLOWING  CREATES  A  SYSTEM  MATRIX  SUPER  BLOCK  WITH  ACTUATORS 
//MAKE  SURE  THE  S  MATRIX  IS  DEFINED 
//ADDS  PLANT  MATRIX 
PLANTl 
0 

DEF,2.  SUPER.  NAME. PLANT.  INPUTS. 5.  OUT. 12. ENTRY 

DEF.l.  SUPER.  NAME. ACT.  INPUTS. 5.  OUT, 10. ENTRY 

CONNECT 

INPUT.6.1.Y.  INTERNAL. 1.2. 2. 1.4. 2. 6. 3. 8. 4. 10, 5, 0.0 

OUTPUT. 22. 2. 1.1. 2. 2. 3. 3. 4. 4. 5. 5. 6. 6. 7. 7. 8. 8. 9. 9, 10. 10, 11. 11. 12. 12. 0.0 
OUTPUT. 22. 1.1. 13. 2. 14. 3. 15, 4. 16. 5. 17, 6. 18. 7. 19. 8. 20. 9, 21. 10. 22. 0.0 
TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 


Aircraft  Model  Without  Actuators 


//M7.DAT 

BUILD 

«  PLOT  OFF 

EDIT 
PLANT 
0 

DEF.l,  DYN.  STATE,  NAME.B,  INPUTS. 5,  OUT. 8, STATES. 0. ENTRY. B 

DEF,2.  ALGEBRAIC.  SUM.  NAME.SUMl.  INPUTS, 2.  OUT . 8 .ENTRY . 2 . 1 . 1 

DEF,3.  DYN.  NTH.  NAME.INT. 

OUT , 8 . ENTRY . 1 , 1 , 1 , 1 , 1 . 1 , 1 . 1 . 1 .  Y 

DEF.4,  DYN,  STATE.  NAME.C,  INPUTS, 8,  OUT. 10. STATES, 0. ENTRY. C 

DEF.5,  DYN,  STATE.  NAME. A,  INPUTS, 8.  OUT. 8, STATES, 0. ENTRY, A 

CONNECT 

INPUT.B.l .Y.  INTERNAL,! ,2.1 .1 .2.2,3, 3.4,4. 5.5. 6.6. 7.7. 8. 8,0,0 

INTERNAL. 2. 3. Y 
INTERNAL. 3, 4. Y 
INTERNAL, 3, 5. Y 

INTERNAL. 5. 2.1 .9,2.10,3.11 ,4.12,5.13,6, 14.7.15.8.16,0,0 
OUTPUT, 12,4,1 ,1 ,2.2,3,3.4,4.5,5,6,8.7.9.8.10.9.11 ,10,12.0.0 
OUTPUT. 12. 2. 1.6. 2, 7, 0.0 

//OUTPUT  FROM  BLOCK  2  -  6  AND  7  ARE  XD0T(A11  AND  A12) 

TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 
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PI  Controller 


//M8.DAT 
BUILD 
PLOT  OFF 
EDIT 

//THE  FOLLOWING  CREATES  A  PI  CONTROLLER 
//THE  CURRENT  INPUTS  ARE  5  WITH  K1  AND  K2 
//DIMENSIONED  5X5 

//TO  CHANGE  THEM  FOR  A  3  INPUT  SYSTEM  JUST 

//CHANGE  OUTPUTS  AND  INPUTS  FROM  6  TO  WHATEVER  YOU  WANT 

PI 

.025 

.025 

DEF.l.  DYN.Nth.  NAME . INT .OUT .5 .ENTRY . 1 . .025 . .025 . .025 . .025 . .025. YES 

DEF.2.  DYN.  STATE .NAME .K2 .  INPUTS. 5. OUT. 5. STATES. 0. ENTRY. K2 

DEF.5.  DYN,  STATE .NAME .K1 .  INPUTS.5.0UT,5 .STATES .0 .ENTRY .K1 

DEF.3.  ALGEBRAIC.  SUM.  NAME.SUMl.  INPUTS. 2. 0UT.5. ENTRY. 2.1 .1 
CONNECT 

INPUT.5.1.Y.  INTERNAL.1.2.Y.  OUTPUT. 5. 3. Y 

INPUT. 5. 5.  Y.  INTERNAL. 2. 3. 1.1. 2. 2. 3. 3. 4. 4, 5. 5. 0.0 

INTERNAL. 5. 3. 1.6. 2. 7. 3. 8. 4. 9. 5. 10. 0.0 
TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 


Plant  and  PI  Controller 


//Mil .DAT 
BUILD 
PLOT  OFF 
EDIT 

//THE  FOLLOWING  CREATES  A  MULTI  SUPERBLOCK  FOR  SIMULATION  -  5  INPUTS 
//INSURE  YOU  HAVE  CREATED  THE  SUPERBLOCKS  PI  AND  APPROPRIATE  PLANT 
//THIS  IS  A  SIMULATION  FOR  AN  IRREGULAR  PLANT  WITH  ACTUATORS 
//THIS  SUPERBLOCK  WILL  HAVE  10  OUTPUTS-  OUTPUT  1-5  WILL  BE  COMMAND  INPUTS 


//OUTPUTS  5-14  WILL  BE 

STATE  VARIABLES 

MULTI 

u 

DEF.2,  SUPER. 

NAME. PI.  INPUTS. 5. 

OUT. 5. 

ENTRY 

DEF.4.  SUPER. 

NAME, PLANTl. INPUTS. 5. 

OUT, 22. 

ENTRY 

DEF.3.  DYN.  STATE .NAME .G .  INPUTS. 5. 

DEF.5.  DYN.  ST ATE. NAME. M.  INPUTS. 2. 

DEF.l,  ALGEBRAIC.  SUM.  NAME.SUMl.  INPUTS. 2. 

DEF.6.  ALGEBRAIC.  SUM.  NAME.W.  INPUTS. 2. 

CONNECT 

INPUT. 6. 1.1. 1.2. 2. 3. 3. 4. 4. 5. 5. 0.0. 

INTERN AL.l. 2. Y 
INTERNAL. 2. 3. Y 
INTERNAL. 3. 4. Y 
INTERNAL. 4. 5. 6. 1.7. 2. 0.0 
INTERNAL. 4. 6. 1.1. 2. 2. 3. 3. 4. 4. 5. 5. 0.0 
INTERNAL. 5. 6. 1.6. 2. 7. 3. 8. 4. 9. 5. 10. 0.0 
INTERNAL. 6. 1.1. 6. 2. 7. 3. 8. 4. 9.5. 10. 0.0 
OUTPUT. 20. 4. 14. 1.16. 2. 18. 3. 20. 4, 22. 5. 0.0 
OUTPUT. 20. 4. 13. 16. 15. 17. 17. 18. 19. 19. 21. 20. 0.0 

OUTPUT. 20. 4.1 .6.2.7.3.8.4.9.5.10.8.11.9.12.10.13.11 .14.12.15,0.0 

//OUTPUTS  1-5  ARE  CONTROL  OUTPUTS : CL . CR , TEL . TER , RUDDER 

//OUTPUTS  6-16  ARE  STATE  OUTPUTS :VEL .THETA .BETA .PHI .R .W.Q . P .NZ .NZPILOT 

//OUTPUTS  13.15,17.19.21  RATES  FOR  ACTUATORS  CL , CR . TEL . TER , RUD 

TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 


OUT . 5 , STATES . 0 . ENTRY . G 
OUT , 5 . STATES . 0 . ENTRY . M 
0UT.5,ENTRY.2.1.-1 
OUT. 5, ENTRY. 2. 1.1 


Actuators 


//M12.DAT 

//THIS  ROUTINE  BUILDS  THE  ACTUATORS  FOR  THE  CRCA 
//FIRST  ORDER  MODEL  OF  XD=-20X+20U 
BACT=20://B  MATRIX  FOR  THE  ACTUATOR 
AACT=-20;//A  MATRIX  FOR  THE  ACTUATOR 
BUILD 
PLOT  OFF 
EDIT 
ACL 
0 


DEF.l,  DYN. 

STATE, 

NAME.B, 

INPUTS. 1 . 

DEF,2,  ALGEBRAIC, 

SUM. 

NAME , SUMl . 

INPUTS . 2 . 

DEF.3,  PIECE. 

3  . 

NAME.RLIM, 

INPUTS.!. 

DEF,4.  DYN. NEXT. 

LIM. 

NAME. LMTINT. INPUTS. 1. 

DEF.5.  DYN. 

STATE . 

NAME. A. 

INPUTS . 1 . 

CONNECT 


OUT . 1 . STATES . 0 , ENTRY , BACT 

OUT , 1 . ENTRY .2,1.1 

OUT. 1 .ENTRY. 100 

OUT, 1 .ENTRY. 30.-60,1 .Y 

OUT , 1 , ST ATES , 0 . ENTRY , AACT 
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INPUT ,1.1 


INTERNAL. 1.2, 1.1. 0,0 
INTERNAL. 2. 3 
INTERNAL. 3, 4 
INTERNAL. 4. 5 
INTERNAL. 5. 2. 1.2. 0.0 

OUTPUT. 2. 3. 1.1. 0.0 

OUTPUT.2,4.1 .2.0.0 

//OUTPUT  FROM  BLOCK  3  -  RATE  LIMITER 

//OUTPUT  FROM  BLOCK  4  -  POSITION  LIMITER 

TOP 

//BUILDING  THE  RIGHT  CANARD  ACTUATOR 
COPY.  ACL.  ACR 

//BUILDING  TRAILING  EDGE  LEFT  ACTUATOR 
EDIT 
ATLl 
0 

DEF.l.  DYN.  STATE.  NAME.B.  INPUTS. 1.  OUT . 1 . STATES .0 .ENTRY .B ACT 

DEF.2.  ALGEBRAIC.  SUM.  NAME.SUMl.  INPUTS. 2.  OUT, 1 . ENTRY . 2 . 1 . 1 

DEF.3.  PIECE.  3  .  NAME.RLIM,  INPUTS, 1.  OUT. 1 .ENTRY, 100 

DEF.4.  DYN, NEXT,  LIM.  NAME. LMTINT. INPUTS. 1 .  OUT . 1 .ENTRY ,30 . -30. 1 . Y 
DEF.5.  DYN.  STATE.  NAME. A.  INPUTS, 1.  OUT, 1 .STATES. 0. ENTRY, AACT 

CONNECT 

INPUT. 1.1.  INTERNAL. 1.2, 1.1. 0,0 

INTERNAL. 2. 3 
INTERNAL. 3. 4 
INTERNAL. 4. 5 

INTERNAL.5.2,1 .2.0,0  OUTPUT ,2 . 3 , 1 . 1 .0 .0 

OUTPUT. 2, 4. 1.2. 0.0 

//OUTPUT  FROM  BLOCK  3  -  RATE  LIMITER 

//OUTPUT  FROM  BLOCK  4  -  POSITION  LIMITER 

TOP 

//BUILDING  TRAILING  EDGE  RIGHT  ACTUATOR 
COPY,  ATLl.  ATRl 

//BUILDING  RUDDER  ACTUATOR 
EDIT 
ATRUD 
0 

DEF.l,  DYN.  STATE,  NAME.B.  INPUTS. 1.  OUT.l .STATES, 0. ENTRY. BACT 

DEF,2.  ALGEBRAIC.  SUM.  NAME.SUMl.  INPUTS. 2.  OUT . 1 .ENTRY .2 . 1 . 1 

DEF,3.  PIECE.  3  .  NAME.RLIM.  INPUTS , 1 .  OUT . 1 .ENTRY . 100 

DEF.4.  DYN. NEXT.  LIM,  NAME .LMTINT . INPUTS . 1 .  OUT . 1 .ENTRY ,20 . -20 . 1  .Y 
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DEF.5.  DYN.  STATE.  NAME. A.  INPUTS. 1.  OUT . 1 .STATES .0 .ENTRY .AACT 

CONNECT 

INPUT. 1.1,  INTERNAL. 1.2. 1.1. 0,0 

INTERNAL. 2. 3 
INTERNAL. 3. 4 
INTERNAL. 4. 5 

INTERNAL. 5. 2. 1.2. 0,0  OUTPUT. 2. 3.1 .1 .0.0 

OUTPUT. 2. 4. 1.2. 0.0 

//OUTPUT  FROM  BLOCK  3  -  RATE  LIMITER 

//OUTPUT  FROM  BLOCK  4  -  POSITION  LIMITER 

TOP 


//BUILD  SUPER  BLOCK  OF  ACTUATORS 
EDIT 
ACT 
0 

DEF,  1.  SUPER. 

DEF.  2.  SUPER. 

DEF.  3.  SUPER. 

DEF,  4.  SUPER. 

DEF.  5,  SUPER. 

CONNECT 

INPUT. 5. 1.1. 1.0.0. 

!•  INPUT. 5. 2, 2. 1.0,0, 

INPUT. 5. 3. 3. 1.0.0. 

INPUT. 5. 4. 4, 1,0.0, 

INPUT. 5. 6. 5. 1.0,0. 

TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 

CLEAR  BACT  AACT 


NAME. ACL. 
NAME.ACR. 
NAME.ATLl. 
NAME.ATRl. 


INPUTS. 1.  OUT. 2. ENTRY 
INPUTS. 1.  OUT. 2, ENTRY 
INPUTS. 1.  OUT. 2. ENTRY 
INPUTS. 1.  OUT. 2. ENTRY 


NAME.ATRUD,  INPUTS. 1.  OUT, 2. ENTRY 


OUTPUT. 10, 1.1. 1.2. 2. 0,0 
OUTPUT. 10. 2. 1.3, 2. 4. 0,0 
OUTPUT. 10. 3. l.B. 2. 6. 0.0 
OUTPUT. 10. 4, 1.7.2. 8. 0,0 
OUTPUT. 10. 5. 1,9. 2. 10. 0,0 


Model  Following  Filter 


//M15.DAT 

//THE  FOLLOWING  EXECUTABLE  ROUTINE  BUILDS  A  MODEL  FOLLOWING  PROGRAM 
PRFB=<-12.-57.-100.1 ;1 ,0.0,0;0.1 .0, 0;0. 0.100. 0>; 

PRFR=PRFB ; 

PRFP=<-18.-106.-260.1 :1. 0.0. 0;0. 1.0. 0;0. 0,250. 0>: 

PRFV=PRFP ; 

PRFT*<-10.*41,-50.1;1.0.0.0:0.1,0,0;0,0.50.0>; 
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BUILD 
PLOT  OFF 


EDIT 

PREF 

0 


DEF.l. 

DYN. 

STATE, NAME. 

PREl. 

INPUTS . 1 . 

OUT.l. 

STATES. 3, ENTRY. PRFV. Y 

DEF.2. 

DYN. 

STATE. NAME. 

PRE2. 

INPUTS. 1. 

OUT.l, 

STATES . 3 , ENTRY . PRFB . Y 

DEF.3, 

DYN. 

ST ATE. NAME, 

PRES. 

INPUTS. 1. 

OUT.l. 

STATES . 3 . ENTRY . PRFT . Y 

DEF.4. 

DYN. 

STATE. NAME. 

PRE4. 

INPUTS . 1 . 

OUT.l. 

STATES. 3. ENTRY. PRFP. Y 

DEF,5. 

DYN. 

STATE. NAME. 

PRES. 

INPUTS. 1. 

OUT.l. 

STATES . 3 . ENTRY . PRFR . Y 

CONNECT 

INPUT. 5. 1.1. 1.0.0.  OUT. 6. 1.1. 1.0.0 

INPUT. 5. 2. 2. 1.0,0.  0UT,5.2.1 ,2,0.0 

INPUT, 5, 3. 3.1 .0.0.  OUT. 5. 3. 1.3. 0.0 

INPUT.5.4.4.1 .0.0.  OUT. 5. 4, 1.4. 0.0 

INPUT. 5. 5. 5. 1.0.0,  OUT, 5.5.1. 6. 0.0 

TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIX! 

MAT 

CLEAR  PRFV  PRFB  PRFT  PRFP  PRFR 


Aircraft  Model  With  PI  Controller  and  Pre-Filter 


//M16.DAT 

//THIS  EXECUTABLE  FILE  BUILDS  A  MULTI  SUPERBLOCK  WITH  PRE  FILTER 
//ALSO  BUILDS  NORMAL  ACCELERATION  AT  PILOT  STATION  OUTPUT 
BUILD 
PLOT  OFF 
EDIT 
MULTI 1 
0 

DEF.2.  SUPER.  NAME. MULT I.  INPUTS. 5.  OUT. 20,  ENTRY 

DEF.l.  SUPER.  NAME. PREF.  INPUTS. 5.  OUT. 5.  ENTRY 

DEF.5.  DYN, STATE.  NAME.NZM,  INPUTS. 4,  OUT.l .STATES. 0, ENTRY, NZM 

DEF.4,  ALGEBRAIC.  SUM. NAME. NZ.  INPUTS. 2.  OUT . 1 , ENTRY .2 , 1 . 1 

CONNECT 

INPUT,5,1.Y,  INTERNAL. 1. 2. Y 

INTERNAL. 2. 5. 1.1. 2. 2. 3, 3, 4. 4. 0.0 
INTERNAL. 5. 4. 1.1. 0.0 
INTERNAL. 2. 4. 14. 2. 0.0 

OUT. 25, 2. 1.1, 2. 2, 3. 3. 4, 4, 5. 5. 6. 6. 7. 7. 8. 8. 9. 9. 10. 10, 11. 11. 12. 12. 0.0 
OUT. 25. 2. 13. 13. 14. 14, 0,0 
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OUT. 25. 4. 1,15, 0.0 

OUT. 25. 1.1. 16. 2. 17. 3. 18. 4. 19. 5. 20. 0.0 

OUT. 25. 2. 16. 21. 17. 22. 18. 23. 19. 24. 20. 25. 0.0 

//OUTPUTS  21.22.23.24.25  ARE  RATES  FOR  CL . CR . TEL . TER . RUD 

TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 


Simulation  and  Plotting 


//M18.DAT 
ERASE; CLEAR  Y 

INQUIRE  TYPE  ‘WHAT  FLIGHT  MANEUVER  WOULD  YOU  LIKE;  * 
SIMCIALG’) 

STIFF 

Y=HSIM(T1.TYPE): 

INQUIRE  PLT  ’DO  YOU  WANT  HARDCOPIES’ 

INQUIRE  PLTl  ’1=R8  PLOTS .  0*R2  PLOTS  ---2=R10  PLOTS’; 

IF  PLT1=1.EXEC(’R8’) 

IF  PLT1*0.EXEC(’R2’) 

IF  PLTla2.EXEC(’R10’) 

INQUIRE  REST  'DO  YOU  WANT  TO  CHANGE  THE  INPUT:  ’ 

IF  RESTaYES.EXEC(’M18’) ;END; 


Low- Pass  Filtering 


//M19.DAT 

//THE  FOLLOWING  EXECUTABLE  ROUTINE  BUILDS  A  LOW  PASS  PREFILTER 
PRF=<-10.1;10.0>; 

BUILD 
PLOT  OFF 
EDIT 
PREF 
0 


DEF . 1 , 

DYN. 

STATE. NAME. 

PREl. 

INPUTS . 1 . 

OUT .  1 . 

STATES.l .ENTRY. PRF.Y 

DEF. 2.  DYN. 

STATE. NAME. 

PRE2. 

INPUTS. 1. 

OUT.l. 

STATES. 1. ENTRY. PRF.Y 

DEF. 3. 

DYN. 

STATE. NAME, 

PRE3. 

INPUTS. 1. 

OUT.l. 

STATES.l. ENTRY. PRF.Y 

DEF. 4. 

DYN. 

STATE. NAME. 

PRE4. 

INPUTS. 1 . 

OUT.l. 

STATES.l. ENTRY. PRF.Y 

DEF. 5.  DYN. 

STATE. NAME. 

PRE5. 

INPUTS. 1. 

OUT.l. 

STATES.l. ENTRY. PRF.Y 
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CONNECT 

.1.0,0 
.2,0,0 
.3.0,0 
.4.0.0  - 

.5.0.0 
TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 

CLEAR  PRF 


INPUT. 5. 1.1. 1.0,0, 
INPUT. 5. 2. 2. 1,0,0. 
INPUT. 5, 3. 3. 1,0,0. 
INPUT. 5,4,4. 1.0.0, 
INPUT. 5. 5. 5. 1,0.0, 


OUT. 5. 1.1 
OUT. 5. 2.1 
OUT. 5. 3.1 
OUT, 5. 4.1 
OUT. 5, 5.1 


Pitch  Rate  Tracking  Plots 


//R2.DAT 

//THIS  ROUTINE  PREPARES  ALL  PLOTS  FOR  THE  PITCH  RATE  TRACKING 
PL0T(T1.Y(; .[8])*57.3.'XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/. TITLE/  PITCH  ANGLE/ . UPPER ' ) 

PL0T(T1,Y(: .[12])*57.3. 'XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/. TITLE/  PITCH  RATE/ . LOWER , KEEP ’ ) 

IF  PLT*1. HARDCOPY: 

PL0T<T1.Y(; .[0  7] )*57 .3 . ’XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEGREES/. TITLE/  PHI  VS  BETA/,... 

YMIN*-l.YMAX=l. UPPER  LEFT’); 

PL0T(T1.Y(: . [10  13] ) *57 .3, ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/. TITLE/  ROLL  RATE  (P)  VS  YAW  RATE  (R)/.... 

YMIN=-1,YMAX*1, LOWER  LEFT. KEEP’) 

PL0T(T1,Y(; ,[6  11] ), ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/FT-SEC/, TITLE/  VELOCITIES  (U)  AND  (W)/ _ 

UPPER  RIGHT’) 

PL0T(T1.Y(:. 15), ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/G/ .TITLE/  NORMAL  ACCELERATION/ .LOWER  RIGHT .KEEP ’ ) ; 

IF  PLT=1. HARDCOPY; 

PL0T(T1.Y(; .1). ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/, TITLE/  LEFT  CANARD  DEFLECTION/ .UPPER  LEFT’); 

PL0T(T1.Y(;. 2). ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/, TITLE/  RIGHT  CANARD  DEFLECTION/ _ 

UPPER  RIGHT.KEEP’) : 

PLOT (T1.Y(:. 21). ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/, TITLE/  LEFT  CANARD  RATE/. LOWER  LEFT. KEEP’); 

PL0T{T1.Y(: .22). ’XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEG-SEC/. TITLE/  RIGHT  CANARD  RATE/. LOWER  RIGHT.KEEP’); 

IF  PLT=1. HARDCOPY;  ! 
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PL0T(T1.Y(: .3).’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/, TITLE/  LEFT  TRAILING  EDGE  DEFLECTION/.. 

UPPER  LEFT*): 

PL0T(T1.Y(: ,4).*XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/. TITLE/  RIGHT  TRAILING  EDGE  DEFLECTION/, 

UPPER  RIGHT. KEEP*): 

PL0T(T1.Y(:.23).*XLABEL/TIHE  IN  SECONDS/ _ 

YLABEL/DEG-SEC/. TITLE/  LEFT  TRAILING  EDGE  RATE/.... 

LOWER  LEFT, KEEP’): 

PLOT(Tl.Y(: .24). *XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG-SEC/, TITLE/  RIGHT  TRAILING  EDGE  RATE/ _ 

LOWER  RIGHT.KEEP*) : 

IF  PLT=1. HARDCOPY: 

PLOT  (T1.Y(; .5). *XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/ .TITLE/  RUDDER  DEFLECTION/ .... 

YMIN=-1 .YMAX=1 .UPPER*) ; 

PL0T(T1.Y(:.26).*XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEG - SEC/ . T I TLE/  RUDDER  RATE/ .... 

YMIN=-1. YMAX*1. LOWER. KEEP’) ; 

IF  PLT*1 .HARDCOPY: 

PLOT(Tl,Y(; .18)*S7.3.*XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEGREES/. TITLE/  PITCH  RATE  COMMAND/.UPPER*) ; 

IF  PLT*1. HARDCOPY: 

ERASE 

RETURN 


45  Degree  Coordinated  Turn  Plots 


//R8.DAT 

//THIS  ROUTINE  PREPARES  ALL  PLOTS  FOR  THE  45  DEGREE  TURN 

PLOT(Tl.Y(: . [9  7] )*57.3. ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/, TITLE/  PHI  VS  BETA/.UPPER*) : 

PLOT(T1.Y(;.[10])*57. 3, 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG -SEC/. TITLE/  YAW  RATE  (R)/.LOWER.KEEP*) 

IF  PLT=1. HARDCOPY 

PL0T(T1.Y(:,[6  11] ). 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/FT-SEC/. TITLE/  VELOCITIES  (U)  AND  (W)/ _ 

YMIN=- 100. YMAX=2. UPPER  LEFT*) 

PL0T(T1.Y(:.[8  12] ) *57 . 3 . 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/. TITLE/  PITCH  ANGLE  VS  PITCH  RATE/ _ 

YMIN=-2.YMAX=2.UPPER  RIGHT.KEEP’) 

PL0T(T1.Y(: ,13) *57. 3, 'XLABEL/TIME  IN  SECONDS/.... 


YLABEL/DEG-SEC/. TITLE/  ROLL  RATE/ _ 

YMAX* 1 00 . YM IN= - 20 . LOWER  LEFT . KEEP ’) ; 

PL0T(T1.Y(:.15).’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/G/, TITLE/  NORMAL  ACCELERATION/ _ 

YMAX=3.YMIN»-3.L0WER  RIGHT. KEEP* ) ; 

IF  PLT=1. HARDCOPY: 

PL0T(T1,Y(; .1) . ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/. TITLE/  LEFT  CANARD  DEFLECTION/ _ 

UPPER  LEFT*); 

PL0T(T1.Y(: .2) . *XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/, TITLE/  RIGHT  CANARD  DEFLECTION/ _ 

UPPER  RIGHT.KEEP*) ; 

PL0T(T1.Y(; .21) . *XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEG-SEC/. TITLE/  LEFT  CANARD  RATE/ _ 

LOWER  LEFT, KEEP*): 

PL0T{T1.Y(; .22) . ‘XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/. TITLE/  RIGHT  CANARD  RATE/ _ 

LOWER  RIGHT.KEEP*): 

IF  PLT=1, HARDCOPY; 

PL0T(T1.Y(: .3) . ‘XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEGREES/, TITLE/  LEFT  TRAILING  EDGE  DEFLECTION/. 

UPPER  LEFT*) : 

PL0T(T1 .Y( : .4) . ‘XLABEL/TIME  IN  SECONDS/. . . . 

YLABEL/DEGREES/. TITLE/  RIGHT  TRAILING  EDGE  DEFLECTION/, 

UPPER  RIGHT.KEEP*): 

PL0T(T1.Y(; .23) . ‘XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEG-SEC/. TITLE/  LEFT  TRAILING  EDGE  RATE/. . . . 

LOWER  LEFT. KEEP’); 

PL0T(T1,Y(: .24) . ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/ _ 

TITLE/  RIGHT  TRAILING  EDGE  RATE/. LOWER  RIGHT.KEEP*); 

IF  PLT=1 .HARDCOPY; 

PLOT  (T1,Y(: .5) .-XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/. TITLE/  RUDDER  DEFLECTION/ .UPPER* ) ; 

PL0T(T1.Y(:. 25). ‘XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/. TITLE/  RUDDER  RATE/. LOWER. KEEP’) ; 

IF  PLT=1, HARDCOPY: 

PLOT (T1,Y{: ,19) *57. 3, ‘XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/ .TITLE/  BANK  ANGLE  COMMAND/ . UPPER  * ) ; 

PL0T(T1,Y(: .20)*57. 3. 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/, TITLE/  YAW  RATE  COMMAND/ , LOWER .KEEP * ) 

IF  PLT=1. HARDCOPY; 

ERASE 

RETURN 
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Beta  Command  Plots 


//RIO. DAT 

//THIS  ROUTINE  PREPARES  ALL  PLOTS  FOR  THE  45  DEGREE  TURN 

PL0T{T1.Y(:.[9  7] ) *57 . 3 . ’ALABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/. TITLE/  PHI  VS  BETA/ .UPPER' ) : 

PL0T(T1.Y(: .[10])*S7.3.'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG' SEC/, TITLE/  YAW  RATE  (R)/ .LOWER, KEEP' ) 

IF  PLT=1. HARDCOPY 

PLOT(Tl.Y(; .[6  11] ; . 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/FT-SEC/. TITLE/  VELOCITIES  (U)  AND  (W)/ _ 

YMIN=- 100. YMAX=2. UPPER  LEFT') 

PL0T(T1.Y(: . [8  12] ) *57. 3. 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG -SEC/. TITLE/  PITCH  ANGLE  VS  PITCH  RATE/, . . . 

YMIN=-2.YMAX=2. UPPER  RIGHT. KEEP') 

PL0T(T1.Y(: .13)*57. 3. 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/, TITLE/  ROLL  RATE/, . . . 

YMAX= 100. YMIN=- 20. LOWER  LEFT.KEEP') ; 

PL0T(T1.Y(: .15) . 'XLABEL/TIME  IN  SECONDS/.... 

YLABEL/G/ .TITLE/  NORMAL  ACCELERATION/ .... 

YMAX=3 . YMIN=-3 .LOWER  RIGHT .KEEP ' ) ; 

IF  PLT=1. HARDCOPY: 

PL0T(T1.Y(; .1) . 'XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEGREES/. TITLE/  LEFT  CANARD  DEFLECTION/ _ 

UPPER  LEFT') ; 

PLOTCTl .Y( : .2) . 'XLABEL/TIME  IN  SECONDS/. . . . 

YLABEL/DEGREES/. TITLE/  RIGHT  CANARD  DEFLECTION/ _ 

UPPER  RIGHT.KEEP') : 

PL0T(T1,Y(:, 21), 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/. TITLE/  LEFT  CANARD  RATE/ _ 

LOWER  LEFT.KEEP'); 

PLOTCTl. Y(: .22). 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/. TITLE/  RIGHT  CANARD  RATE/ _ 

LOWER  RIGHT.KEEP'); 

IF  PLT=1. HARDCOPY; 

PLOTCTl. Y(: .3) . 'XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEGREES/. TITLE/  LEFT  TRAILING  EDGE  DEFLECTION/, 

UPPER  LEFT'); 

PLOTCTl .YC : .4) . 'XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEGREES/. TITLE/  RIGHT  TRAILING  EDGE  DEFLECTION/. 

UPPER  RIGHT.KEEP’): 

PLOTCTl. YC; .23). 'XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEG-SEC/. TITLE/  LEFT  TRAILING  EDGE  RATE/ _ 

LOWER  LEFT.KEEP’): 
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PL0T(T1.Y(; ,24) . 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/, TITLE/  RIGHT  TRAILING  EDGE  RATE/,.. 

LOWER  RIGHT,KEEP‘) : 

IF  PLT=1, HARDCOPY: 

PLOT  (T1.Y(: .5) , ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/ .TITLE/  RUDDER  DEFLECTION/ .UPPER * ) ; 

PLOT(Tl.Y(; .25) . ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/. TITLE/  RUDDER  RATE/, LOWER. KEEP’) ; 

IF  PLT*1 .HARDCOPY; 

PLOT(Tl.Y(: .17)'»57. 3. ’XLABEL/TIME  IN  SECONDS/,... 

YLABEL/DEGREES/. TITLE/  YAW  ANGLE  COMMAND/ .UPPER’ ) ; 

IF  PLT=1. HARDCOPY: 

ERASE 

RETURN 


ARMA  Calculation  Macro 


//THE  FOLLOWING  PROGRAM  CALCULATES  THE  ARMA  MODEL  FOR  THE  PLANTS 
CLEAR  CO  TT  R  SD 
CDUM=<C1  C2>: 

i*  SDUM=<A.B:CDUM.O*EYE(6)>: 

SD»DISC(SDUM.8. .025): 

[AD  BD  CD  DD]=SPLIT(SD.8) : 

CO=<CDUM* INV ( AD ) > : FOR  I *2 : 8 . CO=<CO ; CDUM* INV(AD)*»I>;END: 
V1=0;CR*0;TT=<C0(1. :)>;R=TT;FOR  1=2: 16.R=<TT;C0(I , : )> ; . . . 
RN=RANK(R);IF  RN=I-CR  THEN  TT=R;ELSEIF  RN<I-CR  THEN  R=TT; . . . 

VI=<V1 ; I> ; VI =VI : CR=CR+ 1 ; END . END . T=R ; CO ; 

TF=<T(1.:);T(6..):T(2. :):T(7.:);T(3.:);T(8,:);T(4. :) ;T(5.:)>; 
CBAR=CDUM*INV(TF) ;ADBAR=TF*AD*INV(TF) :BDBAR=TF*BD;H=CBAR«BDBAR; 

CLEAR  Sq 

SQ=<0  000000  0;1  000000  0:0  000000  0:0  0100000; 
0000000  0:0  000100  0;0  0  0  0  0  0  0  0;0  0  0  0  0  0  0  0>; 
SP1=<1  000  0;0  000  0;0  1  0  0  0:0  000  0;0  0  1  0  0:0  0000; 

0  0  0  1  0:0  0  0  0  1>; 

SP2=<0  000  0:1  000  0;0  000  0;0  100  0;0  000  0;0  0100; 

0  0  0  0  0;0  0  0  0  0>; 

B1ARMA=CBAR*BDBAR; 

B2ARMA=CBAR»Sg*BDBAR ; 

G0N=[B1ARNA-^B2ARNA]  ; 

A1ARMA=-CBAR*SP1; 

A2ARMA=-CBAR*SP2; 

G0DEN=[EYE(5)>A1ARMA4A2ARNA] : 
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GO*INV(GODEN)*GON; 

CHECK* - CDUM* INV ( A ) *8 ; 

CLEAR  CDUM  SOUM 

F.6  RLS  Adaptive  System  Analysis  Macros 

The  ARMA  plant  representations  were  analyzed  in  the  discrete  time  domain 
with  the  fixed  gain  PI  control  law  and  the  sampling  time  equal  to  40  Hz  with  the 
MATRIX*  macros  of  the  form  for  the  ARMA  implementation.  This  part  of  the 
appendix  develops  the  macros  used  in  the  adaptive  control  law  analysis  using  the 
recursive  least  squares  algorithm. 
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Main  Program  for  CRCA  Simulation  -  Ramped  Input 


i 


//DISCRETE  ANALYSIS  VITH  TSAMP=.025  AND  ARNA  MODEL  REPRESENTATION 
EXECCM20‘)  ://ROUTINE  TO  BUILD  THE  GAIN  MATRICES 
EXEC( ’Mai*) -.//BUILDS  THE  GAIN  MATRICES  IN  SYSTEM  BUILD 
EXECCARMA') 

CLEAR  B2ARMA  AlARMA  A2ARMA  CHECK  CO  TT  R  SD  AD  BD  CD  DD  VI  VI  TF  T 
CLEAR  RN  CBAR  ADBAR  B06AR  H  SQ  SPl  SP2  GON  GODEN 
TITLES ’CRCA  SIMULATION  5  INPUTS  AND  5  OUTPUTS  -  PORTER  METHOD’: 
DISPLAY (TITLE) 

N0=0:YES=1; 

//LGT  SETS  THE  DURATION  OF  THE  SIMULATION 
INQUIRE  LGT  ’IfflAT  IS  THE  SIMULATION  DURATION:  ’ 

LGT2=(LGT-3)/.025: 

LGTl=(LGT-.5)/.025;//SETS  THE  RAMPING  FOR  SURFACE  LIMITS 
T1=<0; .025:LGT>’: 

//SUBROUTINE  TO  BUILD  COMMAND  FILES 
//STEP  COMMANDS 

R2A=2*.069813*<0: .025: .5>’ ; 

R2B=<R1A: .069813*0NES(LGT1.1)>: 

R2  =<0*0NES(T1) .0*0NES(T1) .R2B .0*0NES(T1) .0*0NES(T1)>: 

R8A  s2*.78S4*<0: .025: .5>’; 

R8A1*2* .02542*<0: .025  ; .5>’ ; 

R8B  s<R8A: .7854*0NES(LGT1.1)>: 

R8B 1 s  <R8A 1 : . 02542 • ONES ( LGT 1 . 1 ) > ; 

R8  =<0*0NES(T1) ,O*0NES(Tl) .0*ONES(Tl) .R8B.R8B1>: 

R10A=2* . 0349*<0 : . 025 : . 5> ’ ; 

R10B=<R10A: .0349*0NES(LGT1 .1)>; 

R10=<0*0NES(T1) ,R10B.0*0NES(T1) .0*0NES(T1) .0*0NES(T1 ) > ; 

// 

CLEAR  R2A  R2B  R8A  R8A1  R8B  R8B1  RlOA  RlOB 

// 


Gl=l; //FIXED  AS  A  FUNCTION 

OF  SAMPLING  TIME 

INQUIRE 

SIGl 

’WHAT 

IS 

YOUR 

SIGMA- 1 

VALUE 

9 

INQUIRE 

SIG2 

’WHAT 

IS 

YOUR 

SIGMA-2 

VALUE 

• 

INQUIRE 

SIG3 

’WHAT 

IS 

YOUR 

SIGMA-3 

VALUE 

t 

INQUIRE 

SIG4 

’WHAT 

IS 

YOUR 

SIGMA-4 

VALUE 

• 

INQUIRE 

SIG5 

’WHAT 

IS 

YOUR 

SIGMA-5 

VALUE 

• 

INQUIRE 

KQ  ’WHAT  IS 

YOUR  VALUE  FOR 

Kq(M31) : 

INQUIRE 

KP  'WHAT  IS 

YOUR  VALUE  FOR 

KP(M42) ; 

INQUIRE 

GAMl 

’WHAT 

IS 

YOUR 

GAMMA- 1 

VALUE 

• 

INQUIRE 

GAN2 

’WHAT 

IS 

YOUR 

GAMMA -2 

VALUE 

f 

INQUIRE 

GAN3 

’WHAT 

IS 

YOUR 

GAMMA-3 

VALUE 

• 

INQUIRE 

GAM4 

’WHAT 

IS 

YOUR 

GAMMA-4 

VALUE 

1 


INQUIRE  GAMS  'WHAT  IS  YOUR  GAMMA-S  VALUE:  ‘ 
M(3.1)=KQ:M(4.2)=KP: 

GsGl*EYE(5) ; 

EXEC('M9*);//C0MPUTATI0NAL  TIME  DELAY 

EXEC{ 'Mia') -.//ACTUATOR  BUILD 

EXECCMB')  ://PI  CONTROLLER 

EXECCMT')  ://SYSTEM  MATRIX  XDOT-l  OUT 

EXECCMB')  : //PLANT  WITH  ACTUATORS  SUPER  BLOCK 

EXEC('Ml')  ://RLS  SUPERBLOCK 

EXEC('MH')  ://MULTI  SUPERBLOCK  WITH  ACTUATORS 

EXECCMIO')  ;//PRE  FILTERS  BUILD 

EXECCMIB')  ://MULTI  SUPERBLOCK  WITH  PREFILTERS 

BUILD. ANALYZE. MULTI 1 

EXEC('M18')://MENUINC  SYSTEM  FOR  INPUTS 


Recursive  Least  Squares  System  Block 


//Ml -DAT 

//THIS  BLOCK  WILL  BUILD  THE  ADAPTIVE  CONTROL  ALGORITHM 

BUILD 

PLOT  OFF 

A*  EDIT 

ADAPT 
.025 
0.0 

DEF.1.DYN.8.  NAME, DEL  U.  OUT . 5 . ENTRY .. 025 

DEF,2.DYN,8.  NAME. DEL  Y.  OUT . 5 , ENTRY .. 025 

DEF . 3 . USER .  NAME . RLS . INPUTS . 3 1 . OUT . 1 50 . STATES , 0 , ENTRY . 1 . N . 1 . 1 . 1 . 1 

CONNECT 

INPUT. 21 .1 .1 .1.2. 2, 3, 3. 4. 4. 5. 5. 0,0 
INPUT. 21. 2. 6, 1.7. 2. 8, 3. 9, 4. 10, 5. 0.0 

INPUT, 21. 3. 1.1. 2. 2. 3, 3. 4. 4. 5. 5. 6, 11. 7. 12, 8. 13, 9. 14, 10. 15. 0.0 
INPUT, 21, 3. 11. 21. 12. 22, 13. 23. 14. 24. 15. 25. 16. 26. 17, 27. 18. 28. 19. 29. 0,0 
INPUT, 21, 3. 20, 30, 21, 31, 0.0 

INTERNAL. 1.3. 1.6. 2. 7. 3, 8. 4. 9. 5, 10. 0.0 
INTERNAL, 2. 3. 1,16. 2. 17. 3. 18, 4. 19. 5, 20. 0.0 

OUT. 150, 3,  Y 
TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 


Aircraft  Model  With  .\ctuators 
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//M6.DAT 
BUILD 
PLOT  OFF 
EDIT 

//THE  FOLLOWING  CREATES  A  SYSTEM  MATRIX  SUPER  BLOCK  WITH  ACTUATORS 

//MAKE  SURE  THE  S  MATRIX  IS  DEFINED 

//ADDS  PLANT  MATRIX 

PLANT 1 

0 

DEF.2.  SUPER.  NAME. PLANT,  INPUTS. 6.  OUT. 12. ENTRY 

DEF.l.  SUPER.  NAME. ACT.  INPUTS. 6,  OUT. 10. ENTRY 

CONNECT 

INPUT. 6, 1.1.1 .2. 2. 3, 3. 4. 4. 5. 5. 0.0.  INTERNAL . 1 .2 .2 , 1 .4 ,2 .6 .3 .8 ,4 . 10, 5 ,0 .0 
INPUT. 6. 2. N. 6. 6. 0.0 

OUTPUT. 22. 2. 1.1. 2. 2. 3. 3. 4. 4. 6. 5. 6. 6. 7. 7. 8. 8. 9. 9. 10. 10. 11. 11. 12. 12. 0.0 
OUTPUT. 22. 1.1. 13. 2. 14, 3. 15. 4. 16. 5. 17. 6. 18, 7. 19. 8. 20, 9. 21. 10, 22. 0,0 
TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  /OU  TO  MATRIXX 
MAT 


Aircraft  Model  Without  Actuators 


//M7.DAT 
BUILD 
PLOT  OFF 
EDIT 
PLANT 
0 

DEF.l.  SUPER.  NAME.BMAT,  INPUTS. 6,  OUT. 8.  ENTRY 

DEF.2.  ALGEBRAIC.  SUM.  NAME.SUMl,  INPUTS. 2,  OUT, 8.  ENTRY. 2. 1.1 

DEF.3.  DYN.NTH,  NAME.INT.  OUT. 8.  ENTRY. 1 , 1 . 1 . 1 , 1 . 1 . 1 . 1 . 1 ,Y 

DEF.4.  SUPER.  NAME.CMAT.  INPUTS. 9.  OUT, 10, ENTRY 

DEF.5.  SUPER.  NAME.AMAT,  INPUTS. 9.  OUT. 8. ENTRY 

CONNECT 

INPUT, 6, 1 ,N,1 ,2, 2, 3, 3, 4, 4, 5. 5. 6, 0,0 
INPUT. 6. 1 .N. 6.1 .0.0 

INTERNAL, 1.2. 1.1. 2. 2, 3, 3, 4, 4. 5, 5, 6, 6. 7. 7, 8, 8. 0.0 
INTERNAL, 2. 3. Y 

INTERNAL. 3, 4. 1.2, 2. 3. 3. 4. 4. 5. 5, 6. 6, 7. 7. 8, 8. 9. 0,0 
INTERNAL. 3, 5. 1.2. 2. 3. 3. 4. 4. 5. 5. 6, 6, 7, 7, 8, 8. 9. 0.0 


-4 


INTERNAL, 5. 2, 1.9. 2. 10. 3, 11. 4, 12. 5. 13. 6. 14. 7, 15. 8. 16. 0.0 
0UTPUT.12, 4.1.1, 2. 2. 3. 3, 4. 4. 5. 5. 6. 8. 7. 9. 8. 10. 9. 11 .10,12.0.0 
OUTPUT, 12. 2. 1.6. 2, 7. 0.0 

//THE  CONTROL  INPUT  FOR  THE  GAIN  SCHEDULER  IS  INPUT  6 
INPUT. 6. 4. 6. 1,0,0 
INPUT. 6. 5. 6. 1.0,0 

//OUTPUT  FROM  BLOCK  2  -  6  AND  7  ARE  XD0T(A11  AMD  A12) 

TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 


R 


PI  Controller 


//M8.DAT 

KlGAIN=’yi=U6  *01+07  *U2+U8  *U3+U9  *U4+U10*U5 ; . . . 

Y2=U11*U1+U12*U2+U13*U3+U14*U4+U15*U5: . . . 
Y3=U16*U1+U17*U2+U18*U3+U19*U4+U20*U5; . . . 
Y4=U21*U1+U22*U2+U23*U3+U24*U4+U25*U5: . . . 
Y5*U26*U1+U27*U2+U28*U3+U29*U4+U30*U5; * ; 

K2GAIN»K1GAIN; 

BUILD 
PLOT  OFF 
EDIT 

//THE  FOLLOWING  CREATES  A  PI  CONTROLLER 
//THE  CURRENT  INPUTS  ARE  5  WITH  K1  AND  K2 
//DIMENSIONED  5X5 

//TO  CHANGE  THEM  FOR  A  3  INPUT  SYSTEM  JUST 

//CHANGE  OUTPUTS  AND  INPUTS  FROM  5  TO  WHATEVER  YOU  WANT 

PI 

.025 

.026 

DEF.l .  DYN.Nth,NAME.INT.0UT,5.ENTRY.l . .025, .025. .025 . .025 ,. 025 .YES 
DEF.2,  ALGEB,  GEN,  NAME.K2.  INPUTS, 30. OUT. 5, ENTRY. K2G A IN 

DEF.5.  ALGEB.  GEN.  NAME.Kl,  INPUTS, 30. OUT, 5, ENTRY .K1 GAIN 

DEF.3.  ALGEBRAIC.  SUM.  NAME.SUMl.  INPUTS ,2 .OUT ,5 .ENTRY ,2 , 1 . 1 

CONNECT 

INPUT ,55.1.1.1,2.2.3.3.4.4,5,5,0.0 

INPUT, 55.5,1 .1 ,2,2,3.3.4,4.5.5.6.6.7.7.8.8.9.9.10.10.11 .11 .12.12.0.0 
INPUT, 55. 5. 13, 13. 14. 14. 15. 15, 16. 16. 17. 17, 18. 18. 19. 19. 20, 20, 21. 21, 0.0 
INPUT. 55. 5, 22, 22, 23, 23. 24, 24, 25. 25. 26. 26. 27. 27. 28. 28, 29. 29, 30. 30. 0.0 
INPUT. 55. 2. 31, 6. 32. 7. 33. 8, 34. 9. 35. 10. 36. 11. 37. 12. 38, 13. 39. 14. 40, 15. 0,0 
INPUT. 55. 2. 41. 16, 42, 17, 43. 18. 44. 19. 45. 20. 46. 21. 47, 22. 48, 23. 49. 24, 0.0 


R 


■ 


R 


i 
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INPUT, 55. 2. 50. 25, 51. 26, 52. 27. 53. 28. 54. 29. 55. 30. 0.0 
OUTPUT. 5, 3. Y 

INTERNAL. 1.2. 1.1. 2. 2, 3. 3. 4. 4. 5. 5, 0.0 
INTERNAL. 2. 3. 1.1 .2. 2. 3, 3. 4, 4. 5, 5, 0.0 
INTERNAL. 5. 3. 1.6. 2. 7. 3. 8. 4. 9. 5. 10. 0.0  . 

TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 


Plant  and  PI  Controller 


//Mil. DAT 
BUILD 
PLOT  OFF 
EDIT 

//THE  FOLLOWING  CREATES  A  MULT  SUPERBLOCK  FOR  SIMULATION  -  5  INPUTS 

//INSURE  YOU  HAVE  CREATED  THE  SUPERBLOCKS  PI  AND  APPROPRIATE  PLANT 

//THIS  IS  A  SIMULATION  FOR  AN  IRREGULAR  PLANT  WITH  ACTUATORS 

//THIS  SUPERBLOCK  WILL  HAVE  10  OUTPUTS-  OUTPUT  1-5  WILL  BE  COMMAND  INPUTS 

//OUTPUTS  5-14  WILL  BE  STATE  VARIABLES 

MULTI 

0 

DEF.2,  SUPER.  NAME. PI.  INPUTS. 55.  OUT, 5.  ENTRY 

DEF.4.  SUPER,  NAME. PLANTl .INPUTS. 6.  OUT. 22.  ENTRY 

DEF.3.  DYN.  STATE. NAME. G.  INPUTS, 5.  OUT ,5 .STATES .0 .ENTRY .G 

DEF.5.  DYN.  STATE. NAME. M.  INPUTS. 2.  OUT, 6 .STATES. 0. ENTRY. M 

DEF.l,  SUPER,  NAME, ADAPT.  INPUTS. 21.  OUT, 150.  ENTRY 

DEF,6,  ALGEBRAIC. SUM.  NAME.W,  INPUTS. 2.  OUT .5 .ENTRY . 2 , 1 . 1 

CONNECT 

INPUT,17.2,1 ,1 .2.2.3.3.4,4.5.5.0.0 

INPUT, 17. 1.7. 11. 8. 12. 9. 13. 10. 14. 11, 15, 12. 16. 13. 17, 14. 18. 0.0 
INPUT, 17. 1,15, 19, 16, 20, 17. 21. 0.0 
INPUT. 17. 4. 6. 6. 0,0 

INTERNAL. 1.2. 1.6. 2, 7, 3. 8, 4. 9. 5, 10. 6. 11. 7, 12. 0.0 

INTERNAL. 1 .2.8.13,9.14,10,15.11.16.12.17.13.18.14.19.15.20,16.21.0.0 
INTERNAL. 1.2. 17, 22, 18. 23. 19, 24. 20. 25. 21, 26. 22, 27. 23, 28. 24. 29. 25, 30. 0.0 
INTERNAL,! .2,26,31 ,27.32.28,33.29.34.30.35.31 .36,32,37.33,38,34.39,0.0 
INTERNAL, 1,2, 35, 40, 36, 41, 37. 42. 38. 43. 39. 44. 40, 45, 41. 46. 42. 47, 43. 48. 0.0 
INTERNAL, 1.2, 44, 49, 45, 50, 46. 51 .47.52.48.53.49.54,50.55,0,0 

INTERNAL. 2. 3. Y 

INTERNAL,3.4,1 .1 ,2,2,3.3.4,4.5,5.0,0 
INTERNAL. 4. 5, 6. 1.7. 2. 0.0 


INTERNAL. 4. 6. 1.1. 2. 2. 3. 3. 4, 4, 5. 5. 0.0 
INTERNAL. 5. 6. 1.6. 2. 7. 3. 8. 4. 9. 5. 10. 0.0 
INTERNAL. 4. 1.14. 1.16. 2. 18. 3. 20. 4. 22. 5. 0.0 
INTERNAL, 4. 1.1. 6. 2. 7. 3. 8. 4. 9. 5. 10. 0.0 

OUTPUT. 125. 4. 14. 1.16.2. 18. 3. 20. 4. 22. 5. 0.0 

OUTPUT. 125, 4. 1.6. 2. 7. 3. 8. 4. 9, 6.10. 8. 11. 9. 12. 10, 13. 11. 14. 12. 15. 0.0 
OUTPUT. 125, 6. 1.16, 2. 17. 3. 18. 4. 19. 5. 20. 0.0 

OUTPUT. 125. 1,51. 21. 52. 22. 53. 23. 54. 24. 66. 25. 56. 26. 57. 27. 58. 28. 0.0 
OUTPUT. 126. 1.59. 29. 60. 30. 61. 31 .62. 32. 63. 33. 64. 34. 65. 35. 66. 36. 0.0 
OUTPUT. 125. 1.67. 37. 68. 38. 69. 39. 70. 40. 71. 41. 72. 42. 73. 43. 74. 44. 0.0 
OUTPUT. 126. 1.76. 46. 76. 46. 77. 47. 78. 48. 79. 49. 80. 60. 81. 61. 82. 52. 0.0 
OUTPUT. 125. 1.83. 53. 84. 54. 85. 55. 86. 56. 87. 57. 88. 58. 89. 59. 90. 60. 0.0 
OUTPUT. 126. 1.91. 61. 92. 62. 93. 63. 94. 64. 96. 65. 96. 66. 97. 67. 98. 68. 0.0 
OUTPUT. 125. 1.99. 69. 100, 70. 101 .71. 102. 72. 103. 73. 104. 74. 106. 75. 106. 76, 0.0 
OUTPUT. 125. 1.107. 77. 108. 78. 109. 79. 110. 80. Ill, 81. 112. 82. 113. 83. 114. 84. 0.0 
OUTPUT. 126. 1.115. 86. 116. 86. 117. 87. 118, 88. 119. 89. 120. 90. 121. 91. 122. 92. 0.0 
OUTPUT. 125. 1.123. 93. 124. 94. 126. 95. 126. 96. 127. 97. 128. 98. 129. 99. 130. 100, 0.0 
OUTPUT .125.1.131.101.132. 102 . 133 . 103 . 134 .104,136. 105 .136.106.137,107,0.0 
OUTPUT. 125. 1.138. 108. 139. 109. 140. 110. 141. in. 142. 112, 143, 113, 144. 114, 0.0 
OUTPUT. 125. 1.145. 115. 146. 116. 147. 117. 148. 118. 149. 119. 150. 120, 0.0 
OUTPUT. 125. 4, 13, 121. 15. 122. 17, 123. 19. 124. 21. 125. 0,0 

//OUTPUTS  1-5  ARE  CONTROL  OUTPUTS : CL . CR . TEL . TER . RUDDER 

//OUTPUTS  6-15  ARE  STATE  OUTPUTS;VEL. THETA. BETA. PHI .R.W.Q.P.NZ.NZPILOT 

//OUTPUTS  15-20  ARE  THE  OUTPUTS  FROM  THE  W  SUMMER 

//OUTPUTS  21-120  ARE  THE  PARAMETER  VECTOR  OUTPUT 

//OUTPUTS  120-125  ARE  THE  SURFACE  DEFLECTION  RATES 

TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
NAT 


Actuators 


//M12.DAT 

//THIS  ROUTINE  BUILDS  THE  ACTUATORS  FOR  THE  CRCA 
//FIRST  ORDER  MODEL  OF  XD=-20X+20U 
BACT=20;//B  MATRIX  FOR  THE  ACTUATOR 
AACT=-20://A  MATRIX  FOR  THE  ACTUATOR 
BUILD 
PLOT  OFF 


ACL 

0 

DEF.l.  DYN.  STATE 

DEF.2.  ALGEBRAIC,  SUM. 
DEF.3.  PIECE.  3  . 

DEF.4.  DYN. NEXT.  LIM. 
DEF.5.  DYN.  STATE 

CONNECT 
INPUT. 1.1. 


OUTPUT. 2. 3. 1.1. 0.0 
OUTPUT. 2. 4. 1.2. 0.0 
//OUTPUT  FROM  BLOCK  3  - 
//OUTPUT  FROM  BLOCK  4  - 
TOP 


NAME.B.  INPUTS. 1. 

NAME.SUMl.  INPUTS. 2. 
NAME.RLIM.  INPUTS. 1, 
NAME . LMTINT . INPUTS . 1 . 
NAME, A.  INPUTS. 1. 

INTERNAL. 1.2. 1.1. 0.0 
INTERNAL. 2. 3 
INTERNAL. 3. 4 
INTERNAL. 4. 5 
INTERNAL. 5. 2. 1.2. 0.0 


RATE  LIMITER 
POSITION  LIMITER 


OUT . 1 . STATES . 0 . ENTRY . BACT 
OUT, 1. ENTRY. 2. 1,1 
OUT. 1. ENTRY. 100  ' 

OUT, 1 .ENTRY. 30. -60.1. Y 
OUT . 1 , STATES . 0 . ENTRY . AACT 


//BUILDING  THE  RIGHT  CANARD  ACTUATOR 
COPY .  ACL .  ACR 

//BUILDING  TRAILING  EDGE  LEFT  ACTUATOR 
EDIT 
ATLl 
0 


DEF.l.  DYN. 

STATE, 

NAME.B. 

INPUTS. 1. 

OUT . 1 . STATES . 0 , ENTRY , BACT 

DEF.2.  ALGEBRAIC. 

SUM. 

NAME.SUMl. 

INPUTS. 2. 

OUT. 1. ENTRY, 2. 1.1 

DEF.3.  PIECE. 

3  . 

NAME.RLIM. 

INPUTS. 1. 

OUT. 1. ENTRY. 100 

DEF.4.  DYN. NEXT. 

LIM. 

NAME . LMTINT . INPUTS . 1 . 

OUT. 1, ENTRY, 30. -30. l.Y 

DEF.5,  DYN. 

STATE. 

NAME. A. 

INPUTS . 1 . 

OUT . 1 , STATES . 0 , ENTRY . AACT 

CONNECT 

INPUT. 1.1. 

OUTPUT. 2, 4. 1.2.0, 

0 

INTERNAL, 1.2. 1.1. 0.0 
INTERNAL. 2. 3 

INTERNAL. 3. 4 

INTERNAL. 4. 5 

INTERNAL. 5. 2. 1.2. 0,0 

OUTPUT. 2. 3. 1.1. 0.0 

//OUTPUT  FROM  BLOCK  3  -  RATE  LIMITER 
//OUTPUT  FROM  BLOCK  4  -  POSITION  LIMITER 
TOP 


I 


I 


//BUILDING  TRAILING  EDGE  RIGHT  ACTUATOR 
COPY .  ATLl .  ATRl 

! 
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//BUILDING  RUDDER  ACTUATOR 
EDIT 
ATRUD 
0 


DEF.l.  DYN. 

STATE, 

NAME.B. 

INPUTS . 1 . 

OUT . 1 . STATES , 0 . ENTRY . BACT 

DEF. 2.  ALGEBRAIC. 

SUM, 

NAME.SUMl. 

INPUTS. 2. 

OUT. 1. ENTRY. 2. 1.1 

DEF. 3.  PIECE. 

3  . 

NAME.RLIM. 

INPUTS. 1. 

OUT. 1. ENTRY. 100 

DEF. 4.  DYN, NEXT. 

LIM. 

NAME.LMTINT 

.  INPUTS. 1. 

OUT. 1. ENTRY. 20. -20. l.Y 

DEF. 6.  DYN. 
CONNECT 

STATE. 

NAME. A. 

INPUTS. 1. 

OUT , 1 . STATES . 0 . ENTRY . AACT 

INPUT .1.1. 

INTERNAL. 1. 

2. 1.1. 0.0 

INTERNAL. 2. 3 
INTERNAL. 3. 4 
INTERNAL. 4. 5 

INTERNAL. 5. 2. 1.2. 0.0  OUTPUT.2,3.1 .1 .0.0 

OUTPUT. 2. 4. 1.2. 0.0 

//OUTPUT  FROM  BLOCK  3  -  RATE  LIMITER 

//OUTPUT  FROM  BLOCK  4  -  POSITION  LIMITER 

TOP 

//BUILD  SUPER  BLOCK  OF  ACTUATORS 
EDIT 
ACT 
0 

DEF.  1.  SUPER. 

DEF,  2.  SUPER. 

DEF.  3.  SUPER. 

DEF.  4,  SUPER. 

DEF.  5.  SUPER. 

CONNECT 

INPUT. 5, 1.1. 1,0,0. 

INPUT, 5, 2. 2.1 .0.0. 

INPUT, 5, 3, 3, 1.0,0, 

INPUT. 5. 4, 4. 1.0,0, 

INPUT. 5, 5. 5. 1.0.0. 

TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIX! 

MAT 

CLEAR  BACT  AACT 


NAME. ACL.  INPUTS. 1.  OUT. 2. ENTRY 
NAME.ACR.  INPUTS, 1.  OUT. 2. ENTRY 
NAME.ATLl,  INPUTS. 1.  OUT. 2. ENTRY 
NAME.ATRl.  INPUTS. 1.  OUT. 2. ENTRY 
NAME. ATRUD.  INPUTS, 1.  OUT. 2, ENTRY 

OUTPUT.10.1 .1 .1 .2,2.0,0 
OUTPUT, 10. 2, 1.3. 2. 4, 0,0 
OUTPUT. 10. 3, 1.5, 2. 6. 0.0 
OUTPUT. 10. 4, 1,7, 2. 8. 0,0 
OUTPUT. 10. 5. l.Q. 2. 10. 0.0 


Aircraft  Model  With  PI  Controller  and  Pre-Filter 
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//M16.DAT 

//THIS  EXECUTABLE  FILE  BUILDS  A  KULTI  SUPERBLOCK  WITH  PRE  FILTER 
//ALSO  BUILDS  NORMAL  ACCELERATION  AT  PILOT  STATION  OUTPUT 


BUILD 

PLOT  OFF 

EDIT 

MULTI 1 

- 

V 

DEF.3. 

SUPER. 

NAME. MULT I, 

INPUTS . 17 , 

OUT, 125.  ENTRY 

DEF.2. 

ALGEBRAIC, 

SUM. NAME. ER. 

INPUTS. 2. 

0UT.5.ENTRY.2.1.-1 

DEF.l. 

SUPER. 

NAME.PREF, 

INPUTS. 5. 

OUT. 5.  ENTRY 

DEF.5. 

SUPER. 

NAME.NZMAT. 

INPUTS. 5. 

OUT. 1. ENTRY 

DEF.4. 

CONNECT 

ALGEBRAIC . 

SUM. NAME. NZ. 

INPUTS. 2. 

OUT. 1. ENTRY. 2. 1.1 

INPUT. 17. 1.1. 1.2. 2. 3, 3. 4. 4. 5. 5. 0.0 

INPUT. 17. 3. N. 6. 6. 7. 7. 8. 8. 0.9. 10. 10. 11. 11. 12. 12. 13. 13. 14. 14. 16. 15. 0.0 
INPUT. 17. 3. N. 16. 16. 17. 17. 0.0 
INPUT. 17. 6. 6. 1.0.0 

INTERNAL. 1.2. 1.1, 2. 2. 3. 3. 4. 4. 5. 5. 0.0 
INTERNAL. 2. 3. 1.1. 2. 2. 3. 3. 4. 4. 5. 6. 0.0 
INTERNAL. 3. 2. 16. 6. 17. 7. 18. 8, 19. 9. 20. 10, 0.0 
INTERNAL, 5. 4. 1.1. 0.0 
INTERNAL. 3, 4. 14, 2. 0.0 
INTERNAL. 3. 5. 1.2. 2. 3, 3. 4, 4, 6. 0.0 
OUT. 125. 3. N. 1.1, 2. 2. 3. 3, 4. 4. 5. 6, 6. 6. 7, 7. 8. 8, 9. 9, 10. 10. 11, 11, 0,0 
OUT. 125, 3. N. 12. 12. 13. 13. 14. 14. 0.0 
OUT. 125, 4. 1.15. 0.0 

OUT. 125. 1.1. 16, 2. 17. 3. 18. 4. 19, 5. 20. 0,0 

OUT. 125. 3. N, 21, 21. 22. 22. 23. 23. 24. 24, 25. 25. 26. 26. 27, 27, 28. 28. 29, 29. 0,0 

OUT, 125, 3. N. 30. 30. 31, 31. 32. 32, 33. 33. 34, 34. 35. 35. 36, 36, 37, 37. 38. 38. 0,0 

OUT, 125, 3. N, 41 .41.42,42,43.43,44.44.45.45.46,46,47.47,48,48.49,49,0.0 

OUT. 125, 3, N. 51, 51. 52, 52. 53. 53. 54. 54. 55. 55. 56. 56, 57, 57. 58. 58, 59. 59. 0,0 

OUT, 125. 3. N. 61, 61 .62,62,63.63.64.64.65.65.66,66,67,67,68.68,69,69.0,0 

OUT. 125, 3. N. 71. 71. 72. 72. 73. 73. 74. 74. 75. 75. 76, 76, 77. 77. 78, 78. 79, 79, 0.0 

OUT, 125. 3, N. 81, 81. 82. 82. 83. 83. 84. 84. 85. 85. 86. 86, 87, 87, 88, 88. 89. 89, 0,0 

OUT. 125, 3. N. 91. 91, 92, 92. 93. 93. 94. 94. 95, 95, 96, 96. 97. 97. 98, 98. 99. 99. 0.0 

OUT, 125, 3, N, 101. 101 .102.102.103.103.104.104.105.105,106,106.107,107,0.0 

OUT. 125,3. N. 109, 109, 110, 110, 111 ,111 .112.112.113.113,114,114.115,115,0.0 

OUT, 125, 3, N. 117, 117, 118, 118, 119. 119, 120, 120, 0.0 

OUT. 125, 3. N, 121 ,121 .122.122.123.123,124.124.126,125,0,0 

OUT, 125, 3. N, 39. 39, 40, 40, 50. 50. 60. 60. 70, 70. 80. 80. 90, 90. 100, 100, 0.0 

OUT . 125 . 3 . N . 108 , 108 . 1 16 . 1 16 .0 .0 

TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 


F-82 


Simulation 


//M18.DAT 

ERASE; CLEAR  Y  I 

INQUIRE  TYPE  'WHAT  FLIGHT  MANEUVER  WOULD  YOU  LIKE:  ’ 

INQUIRE  FLAGl  'WHAT  INITIAL  FAILURE  OR  FLIGHT  MODE  DO  YOU  WANT:  ' 

INQUIRE  FLAG2  'WHAT  FAILURE  OR  FLIGHT  NODE  AT  2  SECONDS:  ' 

INQUIRE  FLAGS  'WHAT  IS  YOUR  FORGETTING  FACTOR:  ' 

T2*<0: .026:2>':  \ 

T3*(LGT-2)/.025; 

FAIL=<FLAG1*0NES(T2) :FLAG2*0NES(T3.1)>; 

F0RG*FLAG3*0NES(T1) ; 

CLEAR  FLAGl  FLAG2  FLAGS  T2  T3 

TYPE(: .6)=FAIL://GAIN  SCHEDULING  FOR  CONVERGENCE  TEST  | 

TYPE(:.7)  =SIG1*0NES(T1) ;//SIGMA  1  INPUT 

TYPE(:,8)  =SIG2*QNES(T1) ://SIGMA  2  INPUT 

TYPE(:.S)  =SIG3*ONES(Tl) ; //SIGMA  3  INPUT 

TYPE(: .10)=SIG4*0NES(T1)://SIGMA  4  INPUT 

TYPE(: .11)=SIG6*0NES(T1)://SIGMA  5  INPUT  : 

TYPE(: .12)»GAM1*0NES(T1) ://GAMMA  1  INPUT  * 

TYPE(:  .13)=GAM2*0NES(T1) -.//GAMMA  2  INPUT 

TYPE(: .14)=GAM3*0NES(T1) ://GAMMA  3  INPUT 

TYPE(:  .15)*GAM4*0NES(T1)  .-//GAMMA  4  INPUT 

TYPE(:.16)=GAM5*0NES(T1) -.//GAMMA  6  INPUT 

TYPE(: .17) =FORG: //FORGETTING  FACTOR  I 

CLEAR  SIGl  SIG2  SIG3  SIG4  SIG5 
CLEAR  GAMl  GAM2  GAMS  GAM4  GAMS  FORG 
SIM('IALG') 

STIFF  SYSTEM  SOLVER 

Y=HSIM(T1.TYPE):  | 

PLOT(Tl.Y(: , [6  16] ) , 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/FT-SEC/. TITLE/  VELOCITY  VS  VELOCITY  COMMAND/. UPPER  LEFT’); 

PLOT(Tl.Y(: .  [7  17] ) *57. 3. 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/. TITLE/  BETA  VS  BETA -COMMAND/ .UPPER  RIGHT, KEEP') ; 

PL0T(T1.Y(:.[8  18] )*57 . 3 . 'XLABEL/TIME  IN  SECONDS/.... 

YLABEL/DEGREES/. TITLE/  THETA  VS  THETA -CMD/ .LOWER  LEFT.KEEP’); 

PL0T(T1.Y(:.[9  19] ) *57 . 3 , 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/. TITLE/  PHI  VS  PHI-COMMMAND/ .LOWER  RIGHT. KEEP’) ; 

PLOT(Tl.Y(: .[10  20]) *57. 3, 'XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEG-SEC/, TITLE/  YAW  RATE  VS  YAW  RATE  COMMAND/ .UPPER’ ) ; 

PLOT (T1.Y(:. 5). 'XLABEL/TIME  IN  SECONDS/....  ! 
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YLABEL/DEGREES/, TITLE/  RUDDER  DEFLECTION/.LOWER.KEEP’); 

PLOT(Tl.Y(:.l).’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/, TITLE/  CANARD  LEFT  DEFLECTION/ .UPPER  LEFT’): 

PLOT(Tl.Y(: .2). ’XLABEL/TIME  IN  SECONDS/ _ 

YLABEL/DEGREES/. TITLE/  CANARD  RIGHT  DEFLECTION/ .UPPER  RIGHT.KEEP*); 

PLOT(Tl.Y(: ,3). ’XLABEL/TIME  IN  SECONDS/  YLABEL/DEGREES/ _ 

TITLE/  TRAILING  EDGE  LEFT  DEFLECT I ON/. LOWER  LEFT. KEEP’); 

PLOT (T1.Y(:. 4). ’XLABEL/TIME  IN  SECONDS/  YLABEL/DEGREES/.... 

TITLE/  TRAILING  EDGE  RIGHT  DEFLECT I ON/. LOWER  RIGHT.KEEP’); 

PLOT(Tl.Y(: .121) . ’XLABEL/TIME  IN  SECONDS/  YLABEL/DEGREES - SEC/ ... . 
TITLE/LEFT  CANARD  DEFLECTION  RATE/ .UPPER  LEFT’); 

PLOT(Tl .Y( : .122) .’ XLABEL/TIME  IN  SECONDS/  YLABEL/DEGREES - SEC/ . . . . 
TITLE/RIGHT  CANARD  DEFLECTION  RATE/. UPPER  RIGHT.KEEP’); 

PLOT (T1.Y(;. 123). ’XLABEL/TIME  IN  SECONDS/  YLABEL/DEGREES- SEC/ ,.  . 
TITLE/LEFT  TRAILING  EDGE  DEFLECTION  RATE/, LOWER  LEFT. KEEP’); 

PLOT(Tl.Y(: .124) . ’XLABEL/TIME  IN  SECONDS/  YLABEL/DEGREES- SEC/ _ 

TITLE/RIGHT  TRAILING  EDGE  DEFLECTION  RATE/. LOWER  RIGHT.KEEP’); 

PLOT(Tl.Y(; .126) . ’XLABEL/TIME  IN  SECONDS/  YLABEL/DEGREES - SEC/ ... . 
TITLE/RUDDER  DEFLECTION  RATE/’); 

RETURN 


Low- Pass  Filter 


//M19.DAT 

//THE  FOLLOWING  EXECUTABLE  ROUTINE  BUILDS  A  LOW  PASS  PREFILTER 
PRF=<-10.1 :10.0>: 

BUILD 
PLOT  OFF 
EDIT 
PREF 
0 


DEF.l,  DYN. 

ST ATE, NAME. 

PREl, 

INPUTS. 1. 

OUT.l,  STATES.l. ENTRY. PRF.Y 

DEF.2.  DYN. 

STATE, NAME, 

PRE2. 

INPUTS. 1. 

OUT.l.  STATES.l. ENTRY. PRF.Y 

DEF,3,  DYN. 

ST ATE. NAME. 

PRE3. 

INPUTS . 1 . 

OUT.l,  STATES.l. ENTRY. PRF.Y 

DEF.4.  DYN. 

STATE. NAME, 

PRE4, 

INPUTS . 1 . 

OUT.l.  STATES.l. ENTRY. PRF.Y 

DEF.5.  DYN. 
CONNECT 

STATE, NAME. 

PRES. 

INPUTS. 1. 

OUT.l.  STATES.l. ENTRY, PRF.Y 

INPUT. 5. 1.1, 1.0.0. 

OUT. 5. 1.1, 1.0,0 

INPUT. 5. 2. 2. 

1.0.0. 

OUT. 5, 2, 1.2, 0,0 

INPUT. 5. 3. 3. 

o 

b 

OUT. 5, 3, 1,3, 0.0 

INPUT. 5. 4. 4. 

1.0.0. 

OUT. 5. 4. 1.4, 0.0 

INPUT. 5. 5. 5. 1,0.0. 


OUT. 6. 5. 1.5. 0.0 


TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
MAT 

CLEAR  PRF 


Gain  Scheduling 


//M20.DAT 

//THIS  FILE  BUILDS  THE  GAIN  MATRICES  USED  IN  THE  MATRIXX  SIMULATION 
//THE  PROGRAM  WILL  CALL  EACH  OF  THE  MATRICES  AND  BUILD  THE  ONE  GAIN 
//MATRIX  A.B.C 

FLAG=0:FLAG1=0: //INITIALIZATION  OF  VARIABLES 

EXECCACMENTRY*) -.//BASIC  ACMENTRY  MATRICES 
ANATl-A; 

BMAT1=B: 

CMAT1=C; 

NZMAT1=NZM; 

/ /»*0m**-****mm**mm****m*«*m*****int***m*tHf»* 

EXECCACM25CL')://25  PERCENT  LOE  LEFT  CANARD 
AMAT2-A; 

BMAT2‘‘B ; 

CMAT2=C : 

NZNAT2»NZM; 

//«**«*«*««i|i«**«*«*«»««*«*4t*«*****»**«***«4,« 

EXEC(’ACM50CL’);//50  PERCENT  LOE  LEFT  CANARD 
AMAT3=A ; 

BMAT3=B : 

CMAT3=C; 

NZMAT3=NZM; 

//«*«*««**«*«**********«***«•**•****«*•*«••* 

EXEC('ACM30TL') ://30  PERCENT  LOE  LEFT  TRAILING  SURFACE 
AMAT4»A ; 

BMAT4SB; 

CMAT4=C : 

NZMAT4=MZM: 

//***«•*«***************«******•*******«*«*« 

EXEC ( ’ ACMEXIT ‘ ) ; // ACMEXIT 
AMAT5=A; 

BMAT5=B ; 

CMAT5»C: 

NZMATS^NZM; 
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/ /i,m*iHL**m*******tnnt***********m**m»**»**m** 

EXEC( ’TFIA’) ://TFTA  BASIC  FLIGHT  CONDITION 
AMAT6=A ; 

BMAT6=B ; 

CMAT6»C; 

NZNAT6SNZM: 

//*4>**««***«**4i«««*««»***«*««*«««««««*«***«* 

EXECCTFTA25CL‘)  ://TFTA  25  PERCENT  CANARD  LEFT  LOE 
AMAT7=A: 

BMAT7=B : 

CMAT7=C: 

NZMAT7=NZM: 

//*4r*4<****«*««***«***»««*««**«*««#«»«4>«««»** 

EXECCTFTABOCL’)  ://TFTA  50  PERCENT  CANARD  LEFT  LOE 
AMAT8=A ; 

BMATS^B : 

CMAT8=C; 

NZMAT8=NZM; 

/ /^m*****m* ***************  ******** rnmm******* 

EXEC(*TFTA30TL')://TFTA  30  PERCENT  TRAILING  EDGE  LEFT  LOE 
AMAT9»A ; 

BNAT9=B ; 

CMAT9=C : 

NZMAT9-NZN; 

//****************************************** 

ANAT»<AMAT1 . AMAT2 , AMAT3 , AMAT4 , AMAT5 . AMAT6 . AMAT7 . AMAT8 . AMAT9> ; 
BNAT-<BMAT1 , BMAT2 . BMAT3 , BMAT4 , BNAT5 . BNAT6 . BNAT7 , BNAT8 . BNAT9> ; 
CMAT=<CMAT1 . CMAT2 . CMAT3 , CMAT4 . CMAT5 . CMAT6 . CMAT7 . CMAT8 , CMAT9> ; 

NZNAT^  <NZNAT 1 , NZMAT2 . NZNAT3 , NZNAT4 . NZMAT5 . NZNAT6 , NZMAT7 , NZMAT8 , NZMAT9> ; 

CLEAR  AMATl  AMAT2  AMAT3  AMAT4  AMAT5  ANAT6  AMAT7  AMAT8  AMAT9 

CLEAR  BMATl  BMAT2  BMAT3  BMAT4  BMAT5  BMAT6  BMAT7  BMAT8  BMAT9 

CLEAR  CMATl  CMAT2  CMAT3  CMAT4  CMAT5  CMAT6  CMAT7  CMAT8  CMAT9 

CLEAR  NZMATl  NZMAT2  NZMAT3  NZMAT4  NZMAT5  NZMAT6  NZMAT7  NZMAT8  NZMAT9 

//****************************************** 

//EXECUTING  THE  FOLLOWING  COMMAND  FILE  WILL  SET  THE  INITIAL 
//MATRICES  FOR  THE  GAIN  CONTROL  LAW  FOR  THE  FIXED  GAIN  CASES 
TITLE= 'CHOOSE  THE  BASIC  FLIGHT  CONDITION  FOR  WHICH  GAINS  ARE  CALCULATED’ 
DISPLAY (TITLE) ; CLEAR  TITLE 

TITLE* 'ACMENTRY*!  ACMEXIT=2  TFTA=3'; 

DISPLAY (TITLE) : CLEAR  TITLE 

INQUIRE  FLAG  'ENTER  FLIGHT  CONDITION:  ’ 

IF  FLAG=1.  EXEC(’ACHENTRy’) 

IF  FLAG=2.  EXEC(’ACMEXIT’) 

IF  FLAG=3.  EXEC(’TFTA’) 

TITLE  =’ACMENTRY=1’ : 


TITLE1=’ACM25CL  =2’ ; 

TITLE2=’ACM50CL  =3‘; 

TITLE3**ACM30TL  =4’: 

TITLE4=’ACMEXIT  =6’; 

TITLES* •TFTA  *6’; 

TITLES* • TFTA25CL*? • ; 

TITLE7='TFTA50CL=8' ; 

TITLES* •TFTA30TL=9’ ; 

DISPLAY (TITLE) 

DISPLAY(TITLEl) 

DISPLAY (TITLE2) 

DISPLAY(TITLE3) 

DISPLAY {TITLE4) 

DISPLAY (TITLES) 

DISPLAY (TITLES) 

DISPLAY (TITLE?) 

DISPLAY (TITLES) 

CLEAR  TITLE  TITLEl  TITLE2  TITLES  TITLE4  TITLES  TITLES  TITLE?  TITLES 


Gain  Scheduling  Matrix  Superblocks 


//M21.DAT 

//THIS  COMMAND  FILE  BUILDS  THE  SUPERBLOCK  GAIN  MATRICES  AMAT.BMAT.CMAT 
P=<.5.1.5.2.5.3.5.4.5.6.5.?.S,8.5.9.5>: 

BUILD, PLOT  OFF 
EDIT 
AMAT 
0 

DEF,2.NEXT.  LOGIC. 6.  NAME. AGAIN. INPUTS. 9. OUT. 8. ENTRY. P. AMAT. .01 
CONNECT 

INPUT. 9. 2. Y.  OUT. 8. 2. Y 

TOP 

//ii**m*********m********************»***************»*^i**ti***»m 

EDIT 

BMAT 

0 

DEF.2.NEXT.  LOGIC. 6.  NAME, BGA INS. INPUTS. 6. OUT. 8. ENTRY.?. BMAT, .01 
CONNECT 

INPUT, 6. 2. Y.  OUT, 8. 2. Y 

TOP 
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//«***«*«*«**•**«««**«*«•«««**•••*«««*««********•«•*«•«**«•»*•* 

EDIT 

CHAT 

0 

DBF. 2. NEXT.  LOGIC. 6.  NAME. CGAINS. INPUTS. 9. OUT. 10. ENTRY.?. CHAT. .01 
CONNECT 

INPUT. 9. 2. Y.  OUT. 10. 2. Y 

TOP 

//««•«»«*«««*«*«**«»«*«««*«*«***«*»«**»**•*»•••*«*»»•**»***•**» 

EDIT 

NZNAT 

0 

DEF.2.NEXT.  LOGIC. 6.  NAME. NZGAIN. INPUTS. 5. OUT. 1. ENTRY. P.NZMAT. .01 
CONNECT 

INPUT. 5. 2. Y.  OUT. 1.2 

TOP 

//THE  FOLLOWING  STATEMENT  RETURNS  YOU  TO  MATRIXX 
NAT 

CLEAR  P 


ARMA  Calculation  Macro 


//THE  FOLLOWING  PROGRAM  CALCULATES  THE  ARMA  MODEL  FOR  THE  PLANTS 
LONG  E 

CLEAR  CO  TT  R  SD 
CDUM*<C1  C2>; 

SDUM=<A.B;CDUM.0*EYE(5)>: 

SD=DISC(SDUM.8. .026) ; 

[AD  BD  CD  DD]=SPLIT(SD.8) ; 

C0= <CDUM* INV(AD)>;FOR  1=2:8. CO=<CO; CDUM* INV(AD)**I>;END; 
V1=0:CR=0;TT=<C0(1. :)>.R=TT;FOR  1=2: 16.R=<TT; C0( I . : . . . 

RN=RANK(R) -.IF  RN=I-CR  THEN  TT=R;ELSEIF  RN<I-CR  THEN  R=TT:  . .  . 
VI=<V1;I>;V1=VI;CR=CR+1;END.END.T=R;C0; 

TF=<T(1.:):T(6.:):T(2.:);T(7.:);T(3.:);T(8.:);T(4.:):T(5.:)>; 
CBAR=CDUM*INV(TF) ; ADBAR=TF*AD*INV(TF) ;BDBAR=TF»BD;H=CBAR*BDBAR. ; 
CLEAR  SQ 

SQ=<o  0  0  0  0  0  0  0:1  0  0  0  0  0  0  0:0  o  o  o  o  o  o  0:0  o  i  o  o  o  o  O: 
0000000  0:0  000100  0:0  000000  0:0  000000  0>: 
SPi=<i  0  0  0  0:0  0  0  0  0:0  i  o  o  0:0  o  o  o  0:0  o  i  o  0:0  oooo: 

0  0  0  1  0:0  0  0  0  1>: 

SP2=<0  0  0  0  0:1  0  0  0  0;0  000  0:0  1  0  0  0:0  000  0:0  0100: 

0  0  0  0  0:0  0  0  0  0>: 


I 
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B1ARNA=CBAR*BDBAR; 
B2ARMA»CBAR«SQ*B0BAR ; 
G0N=[BlARMA-fB2ARMA]  ; 
A1ARMA=-CBAR*SP1: 
A2ARMA=-CBAR«SP2; 
G0DEN=[EYE(5)-^A1ARNA4-A2ARNA]  ; 
GO=IMV(GODEN)»GON 
CHECK*-CDUM*INV(A)*B 
CLEAR  CDUM  SOUM 


Recursive  Least  Squares  Implementation 


C . - . 

Cl  I 

Cl  THIS  PROGRAM  PROVIDES  A  RECURSIVE  LEAST  SQUARES  ESTIMATION  I 
Cl  OF  THE  PARAMETERS  FOR  THE  CRCA  5  X  5  A  AND  B  COEFFICIENTS.  I 
Cl  LAST  REVISION  5  AUGUST  88  I 

C . 

SUBROUTINE  UPDUSR  ( INFO. NUMBER. T.U.NU.X.XDOT, NX, Y, NY. 

♦  RP.IP) 

DOUBLE  PRECISION  T.U(l) .X(l) .Y(l) .XDOT(l) .RP(1) 
m'  INTEGER  MAXNUM.  INFO (4) .  IP(1) 

CHARACTER*2  CNUM 

DATA  MAXNUM  /  1  / 

C 

IF  (NUMBER. GT. MAXNUM)  THEN 
INF0(l)=-2 

WRITE(CNUM.lll)  NUMBER 
111  F0RMAT(I2) 

CALL  MATWRC  ’) 

CALL  MATWR 

(’SIM.ERROR:  NOT  ABLE  TO  UPDATE  USER  FUNCTION *//CNUM) 
RETURN 
ENDIF 

CALL  USROl  (INFO. T. U. NU.X.XDOT. NX. Y. NY. RP.IP) 

RETURN 

END 

C . . 

Cl  START  OF  USER  SUBROUTINE  FOR  THE  RECURSIVE  LEAST  SQUARES  I 
Cl  ESTIMATION  AND  GAIN  MATRIX  CALCULATIONS  FOR  THE  ARMA  f 

Cl  MODEL  REPRESENTATION  I 

C . - . - . . 

SUBROUTINE  USROl ( INFO . T . U . NU , X . XDOT . NX . Y . NY , RP . IP ) 
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!• 


I 


DOUBLE  PRECISION 


4 


4 


INTEGER 

LOGICAL 


T.U(l),X{l).XDOT{l).y(l),RP(l). 
XNPLUSdOO.B)  .GAMDKS.B)  .  XNPLUST(5 . 100)  . 
XNPLUSPN{5.100)  .PNdOO.lOO)  .GAMMA(5.5)  . 
F0RGET(5.6)  .PNXNPLUSdOO . 5)  . 

G0N(5.5) .HINV(5.6) .A1ARMA(5.B) . 

A2ARMA(5.5) ,B1ARMA(5.5) .B2ARMA(5,5) , 
Kl(5.5)  .K2(5.5)  .PND2dOO .  100)  , 
THED2(5).THED4dOO). 

THETAdOO)  .EYE5(B.5)  .GAMMAI(B.B)  ,THED3(B)  . 
SIGMA(B) ,GO(B.B) .GODEN(B.B) ,PIT(S)  . 
G0DENI(S.B).PNPLUSd00,100)  .THETAldOO)  . 
PXPLGAMCIOO.B)  ,WKAREA(40)  .GOKB.B) 

IPd)  .  INF0(4).N.IA.IDGT.IER.I.J.K.L 
IN IT. STATE. OUTPUT 


INIT  =  INFO(2).NE.O 

STATE  =  INFO(3).NE.O 

OUTPUT=  INFO(4).NE.O 

IF  (STATE  .OR.  (.NOT.  OUTPUT))  THEN 

GOTO  Odd 

ENDIF 

IDGT*10  'PARAMETERS  FOR  IMSL  LIBRARY 

N=B  ! PARAMETERS  FOR  IMSL  LIBRARY 

lAsB  '.PARAMETERS  FOR  IMSL  LIBRARY 

C . 

Cl  CHECK  FOR  INITIALIZATION  OF  THE  THETA (0)  AMD  P(0) 

Cl . 

TSTART=.0B0  !3  PERIODS 

IF  (TSTART.GT.T)  THEN 

OPEN(UNIT= 102 . FILE= ’ THETANOM . RLS ’ . STATUS= ’ OLD ’ ) ! THETA 
DO  1=1.100 

READ(102,*)THETA(I) 

END  DO 
CLOSE (102) 

OPLN(UNIT= 103 . FILE= ' PONOM . RLS  * . STATUS= ’ OLD ’ )  !  PN 

DO  1=1.100 
DO  J= 1.100 

READ(103.*)PN(I.J) 

END  DO 
END  DO 
CLOSE(103) 

GOTO  600  ! INSURES  FULLY  POPULATED  XNPLUS 
ENDIF 

C . - . - . . . 

Cl  CALCULATION  OF  MEW  PARAMETER  VECTOR  I 
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C . - . 

CALL  MMULTl  (5 . 100 , I .XNPLUST .THETA . THED2) 

DO  1=1,5 

THED3(I)  =  U(I+10)-THED2(I) 

END  DO 

CALL  MMULTl  (100.5 . 1 .PXPLGAM.THED3.THED4) 

DO  J=1.100 

THETAKJ)  =  THETA(J)  +  THED4(J) 

END  DO 

C . 

Cl  UPDATE  PARAMETER  VECTOR  FOR  NEXT  ITERATION  1 

C . . . 

DO  1=1.100 

THETA(I)=THETA1(I) 

END  DO 

C . . 

Cl  THE  RECURSIVE  UPDATE  EQUATION  STARTS  HERE.  I 

C . 

C . - . 

cl  UPDATE  XNPLUS  WITH  THE  OUTPUT  FOR  NEXT  ITERATION  I 

C . 

600  K=1  ‘COUNTER  FOR  UPDATE  MATRIX 

DO  J=75.95.5 
DO  1=1.5 

♦  •  XNPLUS(J+I.K)  =  U(I+5)  !U(I+5)--U(T*2) 

END  DO 
K=K  +  1 
END  DO 

C . 

K=1  ‘COUNTER  FOR  UPDATE  MATRIX 

DO  J=50,70,5 
DO  I  =  1,5 

XNPLUS(J+I.K)=U(I)  !U(I)--U{T-1) 

END  DO 
K=K  +  1 
END  DO 

C . . . - . . . 

K=1 

DO  J=25,45,5 
DO  1=1,5 

XNPLUS(J+I.K)  =  -U(I+15)  !UPDATES  Y(T-2) 

END  DO 
K=K+1 
END  DO 
K=1 
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C . - . 

DO  J=0,20.5 
DO  1=1.5 

XNPLUS(J+1.K)=  -U(I+10)  !  UPDATES  Y(T-l) 

END  DO 
K=K+1 
END  DO 

C . - . 

Cl  CALCULATION  OF  P(K)  =  XN(K+  1) 

C . 

CALL  MMULT  (lOO.lOO.S.PN.XNPLUS.PNXNPLUS) 

C . 

Cl  CALCULATE  XNPLUST  •  PN 

C . 

C . - . - . 

Cl  THE  FOLLONING  LOOP  UPDATES  THE  FORGETTING  FACTOR  MATRIX 

C . 

DO  1=1,6 
DO  J=1.5 

IF(I.EQ.J)THEN 

F0RGET(I.J)=U(31) 

ELSE 

FORGET < I. J)=0 
END  IF 
END  DO 
END  DO 
DO  1=1.5 

DO  J=1.100 

XNPLUSTd.J)  =  XNPLUS(J.I) 

END  DO 
END  DO 

CALL  MMULT  (5 . 100 . 100 .XNPLUST, PN.XNPLUSPN) 

C-- . 

Cl  CALCULATE  X(N+1)T*PN*X(N-^1) 

C . 

CALL  MMULT  (5. 100.5.XNPLUSPN,XNPLUS.GAMD1) 

C . 

Cl  CALCULATE  GAMMA (N+1) 

C . - . - . 

DO  1=1,5 
DO  J=1.5 

GAMMA(I.J)  =  FORGET(I.J)  +  GAMDKI.J) 

END  DO 
END  DO 

C . . 
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Cl  COMPUTE  GAMMA(N-^l)  INVERSE  USING  IMSL  ROUTINE 

C . 

CALL  LINV2F  (GAMMA, N.IA.GAMMAI.IDGT.VXAREA.IER) 
CALL  MMULT  (100,5,5.PNXNPLUS.GAMMAI .PXPLGAN) 


Cl  CALCULATE  PNPLUS,  UPDATE  OF  COVARIANCE  MATRIX 

C . 

CALL  MMULT  (100.5.100.PXPLGAM.XNPLUSPN.PND2) 

DO  J=1.100 
DO  K=1.100 

PNPLUS(J.K)=PN(J.K)-PND2(J.K) 

END  DO 
END  DO 

C . 

Cl  UPDATE  COVARIANCE  MATRIX  AND  PREPARE  FOR  NEXT  ITERATION  I 

Cl . 

DO  1=1.100 
DO  J=1.100 

PN(I.J)  =  PNPLUS(I.J) 

END  DO 
END  DO 

C . 

Cl 

Cl  THIS  CONCLUDES  THE  BASIC  CALCULATION  OF  THE  LEAST  SQUARES 
Cl  ESTIMATE  OF  THE  PARAMETER  VECTOR  THETA.  NEXT  THE  GAIN 
Cl  MATRICES  WILL  BE  CALCULATED 

Cl 


w 


DO  J=l,5 

A1AR>U(I.J)=THETA(K  ♦  J) 

A2ARMA(I.J)=THETA(25  +K  +  J) 
B1ARMA(I.J)=THETA(50*K+J) 

B2 ARMA ( I . J ) =THET A ( 75+K* J ) 

GON(I.J)  =B1ARMA(I.J)  B2ARNA(I.J) 

GODEN(I.J)  =EYE5(I.J)  ♦  AlARMAd.J)  +  A2ARMA(I.J) 

END  DO 
K*K  +  6 
END  DO 

=  =  =  =  =  =  =  =  =  =  =  =  =  =  =  =  =  r  =  =  =  =  =  =  =  =  =  =  s  =  =  = 

CALL  LINV2F  (BlARMA.N.IA.HINV.IDGT.VfKAREA.IER) 

CALL  LINV2F  (GODEN.N.IA.GODENI.IDGT.VKAREA.IER) 

C .  . 

Cl  INITIALIZE  SIGMA  MATRIX  I 

C . - . 

DO  1=1.5 

SIGMA( I) =0(1+20) 

END  DO 

C . 

Cl  INITIALIZE  PI  MATRIX  I 

C . 

DO  1=1.5 

PIT(I)=U(25+I) 

END  DO 

C . 

Cl  CALCULATION  OF  G(0)  AND  INV(GO)  I 

C . 

CALL  MMULT  (5 .5 .5 .GODENI .GON.GO) 

CALL  LINV2F  (GO.N.IA.GOI .IDGT.WKAREA.IER) 

C . 

Cl  CALCULATION  OF  K1  AND  K2  FOR  GAIN  I 

C . 

DO  1=1.5 
DO  J=l.5 

K1(I.J)=  HINV(I.J)*SIGMA(J) 

K2(I.J)=  GOI(I.J)*PIT(J) 

END  DO 
END  DO 

C . - . - . 

Cl  THE  FOLLOWING  ROUTINES  WILL  PREPARE  THE  OUTPUTS  OF  THE  USER  I 
Cl  BLOCK.  Y(l)  -  Y(25)=K1.  Y(26)-Y{50)=K2.Y(51)-Y(150)=THETA  I 

Cl . 

L=26 

K=0 
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DO  1=1.5 
DO  J=1.5 

Y(J+K)=K1(I.J) 

Y(J+L)=K2(I.J) 

END  DO 
K=K+B 
L=L+6 
END  DO 
DO  1=1,100 

Y{I+50)=THETA(I) 

END  DO 
999  RETURN 
END 

C . - . - . 

Cl  SUBROUTINE  MMULT  FOR  THE  MATRIX  MULTIPY-SIZE  >  1 

C . 

SUBROUTINE  MMULT  (MATARW.MATACL.MATABCL.MATA.MATB.MATC) 
DOUBLE  PRECISION  MATC(NATARV.MATABCL) ,MATA(MATARW,MATACL) . 
■f  NATB(MATACL.MATABCL) 

INTEGER  MATARW.MATACL.MATABCL 
DO  I=1,MATARW 
DO  K=1.MATABCL 

SUM=0  ! RESET  PRODUCT  SUM 

M.*  DO  J=1,MATACL 

SUM=SUM  ♦  MATA(I.J)*MATB(J.K) 

END  DO 

MATC<I.K)=SUM 
END  DO 
END  DO 
RETURN 
END 

C . - . - . . 

Cl  MATRIX  MULTIPLY  ROUTINE  FOR  MATRICES  WITH  A  COLUMN 

C . 

SUBROUTINE  MMULTl  (MATARW.MATACL.MATABCL. MATA, MATB. MATO 
DOUBLE  PRECISION  MATC(MATARW) .NATA(NATARW,MATACL) , 

+  MATB(MATACL) 

INTEGER  MATARW.MATACL.MATABCL 
DO  I=1,MATARW 

SUM=0  ! RESET  PRODUCT  SUM 

DO  J=1,MATACL 

SUM  =  SUM  ♦  MATA(I.J)*MATB(J) 

END  DO 

MATC(I)  =  SUM 
END  DO 
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RETURN 

END 
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Typically,  control  law  analysis  and  design  for  an  aircraft  include 
separating  the  longitudinal  and  lateral  eqxiations  of  motion  and  designing  control 
laws  for  each  separate  motion.  The  simplifying  assumptions  are  often  valid  and 
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separation  of  lateral  and  longitudinal  equations  because  of  high  aerodynamic 
cross - coupl ing. ,  Consequently,  developing  a  satisfactory  controller  for  all 
aircraft  mot t5n  must  include  all  of  the  control  surfaces  and  is  more  complicated. 

,v.The  multivariable  control  law  design  used  in  this  thesis  incorporates  the 
high-gain  error -actuated  Proportional  plus  Integral  (PI)  controller  developed 
by  Professor  Brian  Porter  of  the  University  of  Salford,  England.  Control  law 
development  and  simulation  are  performed  using  the  computer  aided  design  program 
called,^iat.  Two  successful  fixed  gain  controller  design  methods  and  an  adaptive 
controller  design  are  demonstrated. 

The  three  control  surfaces  on  each  wing  are  operated  together,  so  they  are 
treated  in  this  thesis  as  one  control  effector.  Thus,  the  five  CRCA  control 
inputs  for  this  design  consist  of  two  canards,  left  trailing  edge  flaperon,  right 
trailing  edge  flaperon,  and  rudder J  The  aircraft  dynamics  are  linearized  about 
three  flight  conditions .  Fixgd-g^n  PI  controllers  are  designed  at  each  flight 
condition  for^bqLth-  theTieaTthy  aircraft  and  with  a  failed  left  canard  and  left 
trail ine,.edge^  flaperon.  The  simulation  indicates  that  the  controller  is  very 
robu^-^nd  output  responses  are  fully  satisfactory. 

<^n  adaptive  controller  design,  using  a  recursive  least  squares  (RLS) 
parameter  estimation  algorithm,  is  developed  for  a  self -tuning  control  system. \ 
When  a  left  trailing  edge  flaperon  failure  occurs  at  the  nominal  flight  ) 
condition,  a  new  plant  model  is  computed  and  the  PI  control  law  is  revised  ■ 
accordingly.  The  ability  of  the  controller  to  estimate  the  new  plant  parameters/ 
and  compensate  for  the  failed  control  surface  is  exceptional.  Finally,  a  fixed 
gain  Proportional  plus  Integral  plus  Derivative  (PID)  controller  is  designed  for 
the  nominal  flight  condition.  The  results  are  satisfactory.  The  design  needs 
to  be  extended  to  the  remaining  flight  conditions. 


